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PREFACE 


The structtiral determination of simple molecules from their 
vibrational spectra has been of considerable interest for the past several 
decades. In recent years, hovjever, these studies have been extended to 
some relatively mors complex molecules. They are mainly helpful in 
determining the gross structure of the molecule viz. the syrametiy of 
the molecule and the relative orientations of the different gi*oups 
present in it. 

For certain polyatomic molecules different configurations are 

possible due to the internal rotation of some group about a single bond. 

Generally trans and gauche configurations aare found as the stable ones 

3 3 

for the molecules having G-G linlcage with sp' - sp hybriiization. 

How-ever, relatively little is reported in the literature on the stmictural 

3 3 

stability of the molecules having G-K and G-0 linkages with sp -sp 
hybridization. It vjould be interesting to make a systematic study of 
the Diolecules tjxth different linkages and see how far the vibrational 
analysis of these molecules could be helpful in asceirtaining their 
structure. 

The purpose of the present study is two fold; firstly to 
determine the structure of the molecules with G-G and G-0 linkages 
taking into consideration the various factors deteimining their structural 
stability. Secondl?' to see whether a similar approach i,s adequate in 
determining the structure of the molecules possessing C-N Unkage, 



For the present vjork foiir molecules vdth different linkages 
i^ere chosen and a systematic study of their vibrational spectra was made. 
To facilitate the analysis, the choice of the molecmles was made such 
that they could be expected to have some order of symmetry. The molecules 
studied are trimethylacetonitrile, ?,'2-dimethoxypropane,l,l,l-tidmethoxy- 
ethane and triethylamlne . These molecules may be assumed to be derived 
froia aoetonitrilsj dimethoxynethane, trimethoxymethane and trimethylamine 
respectively which have been ^^^ell studied from structural point of view. 
The point group symiastriss and relative orientations of the diffexent 
groups in them are already well established which further simplifies the 
vi.brational analysis of the molecules presently studied. 

Theoretical details regarding the analysis of infrared and Raman 
spectra are given in Chapter I. The varloxis factors contributing to the 
structural stability of the molecules are described. The general features 
of the spectra in liquid, vapour and solid phases and t]:eir application in 
identifying the rotational isomers is discussed. The effect of the 
variation of temperature and polarity of solvents on the intensity of 
infrared bands arising from different conformers of the molecule is also 
discussed. 

Experimental techniques for observing the infrared and Baman, 
spectra are given in Chapter II. The procedure for recording the infrared 
spectra in liquid, vapour and solid phases is discussed. This chapter also 
deals with the method of observation of the Raman spectrum and determina- 
tion of Raman depolarization ratios. 
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Chapter III describes the infrared aaad Raman spectra obtained 
for trimethylacetonitrile. On the basis of steric considerations, the 
structure of the molecule should be the one in which methj^l group is 
staggered i-dth respect to the other three G-G bonds, that is, the 
molecule should have G^^ symmetry. The observed data are found to be 
consistent with the proposed structure. 

Chapter JSf deals with the infrared and Raman spectra of 
2,2-dimethoxypropane. Four spectroscopically distinct molecular confor- 
mations (Trans-Trans (TT), Trans-Gauche (TG), Gauche-Gauche (GG) and 
Gauche-Gauche' (GG')) and their relative stabi2ties are discussed. The 
vibrational data are consisfent with the one and the same configuration 
of the molecule in all the three (liquid, vapour and solid) phases. The 
analysis of the gaseous infrared band contours favours a GG configuration 
(Cg symmetry) in which the two O-GRg bonds are twisted in opposite 
directions by small angles from the bond positions in TT configuration. 

The analysis also reveals that the molecule is an approximate symmetric 
top. 

In Chapter ¥ the infrared and Raman spectra of 1,1,1-trimsthoxy- 
ethane molecule, is described. This molecule could exist in seven 
spectroscopically distinguishable configurations. All these forms are 
discussed from the point of view of structural stability and three low 
energy conformations (Trans -Gauche JGauche (TGG), Trans-Gauche-Gauche ' 
(TGG'), and Gauche -Gauche-Gauche (GGG)) are selected on the basis of steric 
considerations. Tte data are consistent with the coexistence of two 
rotational isomers in liquid phase but favour a single configuration in 



vapour as well as in solid phase. The vibrational analysis reveals 
that the form with relatively higher concentration should possess 0^ 
syminetry (GGG configuration). The presence of rotational isomers is 
also favoured by the solvent effect' aiid temperature variation studies. 

Chapter VI reports the infrared and Raman spectra of triethyl- 
amine, The possible configurations for this molecule were predicted 
assuming that the trans and gauche forms with respect to lone pair of 
nitarogen atom exist about C-K bonds. Of the seven spectroscopically 
distinct configurations three (Trans-Gauche-Gauche (tGG) , Tr ans -'Gauche - 
Gauche' (TGG*) and Gauche- Gauche-Gauche (GGG) ) were considered as the 
low energy configurations. The liquid and solid phase spectra could 
be explained by taking into consideration the presence of atleast two 
rotational isomers. However, in vapour phase it is not clear whether 
the molecule exists as a mixture of two rotational isomers or assumes a 
single configuration. The shape of the i3ifrared band contours in vapour 
phase closely resembles the one expected for TGG’ configuration. The 
presence of rotational isomers is also established by the solvent effect 

and temperature variation studies in liquid phase. 

I 

References are numbered consequently at the end of every 
Chapter;, Figures and Tables are given at the end of each Chapter, The 
Chapters III - VI have been written in a way suitable for publication, 
so the repetition of certain statements has became unavoidable. 

Kama! Kumar 
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CHiPTEH I 


INTRODUCTION 

The vibrational spectra of the molecules have been of consi- 
derable importance in obtaining information regarding their structure. 
This is done by assigning various plausible structures to the molecules 
and then fitting the observed spectrum with the expected ones corres- 
ponding to the variotis configurations. One then sees which of these 
plausible configurations leads to the best fit of the observed spectrum. 
The study of infrared or Raman spectrum of a molecule alone may not be 
very conclusive. Therefore, a combined study of these spectra is 
always desirable , 

The infrared absorption spectra of the molecxiles arise due to 
the transitions between the vibrational and rotational energy levels. 

Its systematic study started with the publication of the infrared spectra 
of 135 organic compounds in 1905 by Coblentz who showed that the 
spectra-structure correlations, with the infrared spectra were possible. 
Since then infrared spectrum has been of immense importance in obtaining 
structural information regarding the molecules. 

In Raman effect, the molecules of the sample interact with the 
photons of the exciting radiation and the scattering of the photons 
takes place. The energy of the scattered photons may be increased or 
decreased relative to the expitisog photon. This increment is quantized 
and correspond to the energy difference in the vibrational and rotational 
energy levels of the molecule. 
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Altho-u^ both the infrared and Raman spectra depend on the vib- 
rational and rotational energy levels of the molecule stiH th^ are not • 
exactly the same as the selection iniles and the relative intensities of 
the bands may differ in the two cases. For a vibration to be infrared 
active the dipole moment of the molecule must change during the vibration 
whereas, for a vibration to be Reman active there must be a change in the 
'•induced*' dipole moment restilting from the change in the polarizability 
of the molecule during the vibration. 

As the number and activity of the vibrational modes of a poly- 
atomic molecule are dependent on the symmetry of the molecule, the 
vibrational spectra are quite helpful in determining the overall synmetry 
of the molecule. This type of analysis is very helpful in the case of 
molecules esdiibiting rotational isomerism which may exist in several 
configurations having close energies and are difficult to separate. 

Normal Modes of Vibration 

For a non-linear molecule there are 5N-6 f-undamental vibrations 
or nomaal modes whereas, for linear molecules there are 3N-5 fundamental 
vibrations. This is because of the simple reason that for non-linear nwle- 
cules six coordinates are required to specify the translation and rotation 
of the molecule (three each for translation and rotation) but for linear 
molecules only five coordinates are required to specify the translation and 
station (three for translation and two for rotation) . In a nonnal mode of 

vibration the motion of the atoms is simple harmonic in nature and the fre- 
quency with which they vibrate is same. The atoms- also vibrate in phase t,e, 
all the atoms pass throng their equilibrium position and attain maximum 
amplitudes simultaneously in the case of nonr.de generate vibrations ^ 



Number of Noimal Modes of Vibration 


The number of fundamental modes of vibration belonging to 

2 

various types may be easily calculated using the following fonnula and 
character table 


g v\^ ^ 


(l.l) 


Where N^ is the number of fundamental vibrations of type i, n^ 

is the nmber of elements in each class, N is the total number of 

g 

elements in the group and (R) denotes the character in the character 

table for the i type of vibration and operation R. is exporessed as 

(R) = (TJd- 2) (l + 2 oos (h ) for proper rotation 


cIIj ~ ^ improper rotation 

Here denotes the number of atoms remaining unchanged by a symmet 3 ry 
operation, (j) is the angle of rotation for the symmetry operations, 
Activity of the normal modes of vibration . 

The activity of a normal mode of vibration may be predicted from 
the character table of the point grot^) to which the moleciJLe belongs. 

A vibrational specie is said to be infrared active if one or more 
of the three components of translation (T , T , T ) are listed in the row 
of that specie in the character table. This is became of the reason 
that the dipole moment is also a vector and it may be seen that it also 
transforms by a symmetry operation in the same way as the translation 
vector. The direction of the listed translation also tells the direction 
of the change of the dipole moment for that type of vibration. In a 
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similar way "the components of polarizabili'ty which change during a 
vibration are given in the row’ for Raman active species. The character 
table for point gro-ug) is given as an exan5)le. 



It can be seen from the character table that it is only the a^ 
and e vibra’tions which will be active in the infrared and Raman 
spectra, ■whereas the a^ vibrations ■will be forbidden in both the 
spectra. 

The mathematical e3^3ressions for determining the vibration types 
which would be infrared or Raman active are given belowi 

Infrared Activity 

The vibration types which are infrared active can be determined^ 
by the follo\d.ng formula 

g 

where n^ is the number of elements in each class, is the naaber of 
elements in the group, (R) i® chai*acter in the character table for 
type i vibration, (R) is the character of the dipole moment for the 
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operation R and is given by, 

*Xm (R) = + 1 + 2 cos ^ 

where ^ is the angle of rotation dxiring operation R. The character 
7vjy[(R) for a given class is linear combination of the characters of the 
vibration types of that class. Only those type of vibrations whose 
characters are contained in sre infrared active. 

Raman Activity 

2 

The vibration types vAiich are Raman active can be determined 
by the following fommila 

~ ( 1 . 5 ) 

g 

This equation is similar to the equation for calculation of the infixed 
activity esocept that here "^^^as been replaced by which is 

given as 

X^(R) = 2 ± 2 cos ij) + Z cos Z ^ 

The + and - signs are for proper and improper rotation. Here also 
is a linear combination of the values. K^(o() denotes the number 

of times the character of the vibration type appears in • Only 

those types of vibrations whose characters are contained in are 

Raman active. 

Overtone and combination Bands 

In addition to the fundamentaJs the ijifrared and Raman spectra may 
contain overtone and combination bands. Generally, these bands are weaker 
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in intensity than the fmdamentals and in Raman spectrum they are verj few 
in number. 


The normal mode of vibration is observed both in the infrared 
and Raman spectra corresponding to the selection rule + 1. 

However, the transitions for which one A 1 or for which several 
A ^ 0 (overtone and combination bands respectively) may also occur. 

The overtone and combination bands for idiich = 2 or 2 

are called binary combinations, those for which = 3 or ■siAyi = s 

are called ternary combinations; and so on. 


A combination band for which the lower state is the ground state 
is also called a simimation band. In case the vibration is singly 
excited in the initial (lower) state and a transition takes place to a 
state in which the vibration is singly excited, the frequency 

of infrared absorption or the shift in Raman spectrum is equal to ^ 
and this is called a difference band. 


A somewhat different type of difference band is that for which 
one and the same low frequency vibration is excited in the ipper and lower 
state in addition to some other vibrations in upper state, which is written 


as 


- y,. is also called hot band. Here is excited by one 
quantum both in the upper and lower state but is excited only in the 
upper state. Due to the coupling of vibrations the band ^ “ ^i 

will not exactly coincide with but will be slightly displaced and hence 
separately observable. 

The combination bands which can be infrared or Raman active may 
be determined ly evaluating the direct preducts of the characters of the 



vibration types to which ]/* and y . belong. If the character of the 

-L J 

product belongs to anj of the allowed species the combination is said to 
be allowed. In case the product does not have the character of aigr parti- 
cular specie, it may contain more than one component and hence the reduction 
formula (l.2) is used where is replaced ty the character of the 

direct pjroduct and N^(M) is replaced hy N^(P) (P denoting the product) 
which is the number of times appears in Xp(R)*if any of the coupo- 

nonts in xdiich the product reduces is allowed, the combination band is allowed. 

The overtones which can be infirared or Raman active may be 
determined by using separate fonnulas for non-degenerate or degenerate 
vibrations. For non -degenerate vibrations the character of the (nr-l)th 
overtone is determined by employing the equation 

( 1 - 4 ) . 

For doubly degenerate vibrations, the following equation is 

employed 

= h [^.'"■^(R) XAR) + X.Cr"^)! (1.5) 

J J J J 

where is the character corresponding to the operation R performed 

*} 

n times in succession. 

Here again the direct product is evaluated to obtain the activity 
of overtones. 

The rediiction formula is again enployed and if ary of the 
components contained in the prodtict is allowed the overtone is allowed. 



Group Frequencies 


It has been observed for variety of molecules that a characteias- 
tic infrared or Raman band of a group is found to occur at about the same 
frequency irrespective of the type of the moleetile in which the group is 
present. This constancy of the group frequencies is due to the constancy 
of the bond force constant in different molecules. The constancy of the 
force constants holds good so long as the environments in. the different 
molecules are somewhat similar, anall changes in the frequencies could be 
observed if the environment is changed. 

Stretching Vibrations 

The stretching vibrations associated with X-H bonds have the 
highest frequency. Though there is not appreciable difference between 
the X-H and X-Y bond force constants, the reduced mass of the X-H bond is 
much lower than the other bonds. The symbol V is used to denote the 
stretching vibration frequencies. 

Bending Vibrations 

The bending vibrations are associated with smaller force constants 
than stretching vibrations and hence are obseanred at lower freqiiencies . 
Various notations are employed by spectroscopists to denote the bending 
vibrations! ^ for deformation involving change of the bond angle j for 

the tids ting frequencies 5 and Y" for out-of-plane deformation freqiiencies. 

Interaction of Vibrations 

II. ■■ M ipi ^ 

The vibrations associated with a bond between two atoms with a 
large mass difference can be treated satisfactorily as a separable group 



frequency. In cases when the masses and force constants are approximately 
the same in the molecule, it is of no use talking of group freq'uencies. 

Due to the coupling of vibrations a resonance between two vibrations 
occurs with the resultant representing the inphase and out-of-phase 
combinations of the individual vibrations. The frequencies of these 
coupled vibrations fall both below and above the frequency of the single 
group. Coupling may also occur betxjeen two identical groups in the same 
molecule. It is not necessary that the atoms have to be very near if 
coupling is to occur, it coxild as well be present when the grov^js are 
separated by several atoms. It is thus clear that the concept of group 
frequency is true only idien there is least interaction between the 
characteristic vibration of the given group with other vibrations of the 
molecule. 

Fermi Resonance ■ 

It is possible that two vibrational level belonging to two 

different vibrations have nearly the same energy. This would lead to 

resonance between vibrations and energy levels will be perturbed. As 

2 

this was first recognized by Fermi , it is called as Fermi resonance. 

This resonance can occur only between vibrations of the same symmetry if 
their unperturb^ frequencies are nearly alike. Due to the resonance 
the frequency and the intensity of the two bands get perturbed and they 
appear 'well separated. For close resonance, the intensity of the bands 
is approximately equal to the average of the unperturbed intensities. 

In case the unperturbed frequencies are not very much alike, the resonance 
may not change the f3?equency appreciably but intensity of the xjeaker band 
may be enhanced. 
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Effect of Mass 

The ftequency of the vibration is altered if the changes in the 
mass distribution in a part of the molecule are made. The effect of the 
heavy atom on the frequency of vibration is to decrease the frequency. 

Mass effects are sometimes employed to confirm the assignment of the 
bands. 

Slectnical Effects 

The frequency is affected by change in the electronic distribu- 
tion of a bond as the force constant of the bond is altered by this 
pro'cess. The electrical effects could be external or internal in nature. 
The dielectric constant of a solvent, hydrogen bonding and the cystalline 
field are the examples of external influences. The internal influences 
mcy be due to the electronegativities of nearby groups in the molecule. 

The electronegativity effects include both resonance and inductive 
interactions. The band position and its intensity are altered by the 
electron-donating or electron withdrawing power of the substituents. 

Intramolecular and Intemolecular Interactions 

The vibrational group frequencies and band intensities are 
affected by the intramolecular interactions. The important intramolecular 
interactions axe moss effects, electrical effects, hydrogen bonding, 
symmetry, conjugation, bond angle strain, field effects and vibrational 
coupling effects. Different structural problems could be studied due 
the effect of intramolecular interactions on the vibrational frequencies. 
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The Inteimoleoxilar interactions usually involve weaker electrical 
forces than intramolecular interactions with the exception of hydrogen 
bonding. If hydrogen bonding is present, sometimes new bands are obsenred 
which are ascribed to associated molecules. The effect of intermolecular 
interactions in ciystalline state is to influence the strccture and the 
intensities of the absoirption bands. The frequencies of vibration may 
not be greatly affected. The splitting of bands in solid state spectra 
is observed due to crystal field effects. 

Rotational Isomerism 

The rotational isomers are possible for a molecule if there is 
an internal rotation about one or more single bonds in the molecrile . The 
internal rotation results in various conformations which may be of 
comparable stability. Sometimes, the energy barrier hindering the rotation 
about the bond is not large and there may be transformation from one form 
to the other and a dynamic equilibrium is achieved. The barrier heights 
may be large, oonparable or small as compared to IcT where k is the Boltzmann I 
factor and T the absolute temperature. If the barcier height is large | 

as compared to kT each configuration may be obtained by ignoring the t 

possibility of other equilibrium configuration. On the other hand when 
barrier height is comparable with kT , the relative stability of the | 

isomers may change with temperat-ure. In the case where the barrier hei^t 
is simller than ItT there is no hindered rotation and it corresponds to 
free rctation. The relative abundance of the conformations is also 
dependent on the physical environii^nt. Generally, only one conformation 
having lower energy gets stablized in the solid phase. However, in some 
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4 

cases the solid phase may contain even more than one conformation or 
even an entirely new (different than the one present in fluid phase) 

5 

conformation of the molecule . 

Solvent Effects 

The shifts in the frequencies are observed on passing from one 
solvent to another. This shift is usually small unless lydrogen bonding 
is involved. The changes in the frequency could be attributed to the 
dielectric constant and refractive index of the medium. 

The solvent effect studies are, sometimes very helpful in 
determining the relative polarities of the different confoimations of 
the molecule. The intensity of the more polar form of the molecule 
decreases considerably in non polar solvents, whereas just the reverse 
happens in polar solvents^ 

Effect of Temperature Variation 

The intensity of the bands originating from ground state viz. 
fundamentals, overtone and summation tones is ejcpected to remain constant ' 
but the intensity of other bands may vary with the change in temperature, , 

I 

These bonds are related with the transitions between the excited states 
viz. hot or difference bands. The change in the intensity of these bands < 
is proportional to e kT therefore, there is a decrease in their intensity 
with the lowering of the temperature due to the depopulation of excited 1 
states. 

In addition to the bands associated ijith excited states, the 
bands arising due to the similar type of vibration of different isomers 
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of a molecule may also show an intensity variation with temperature. It 
is because of the reason that here also the relative abundance of the 

_ i 

isomers is dependent on the teijperature function e KT . 

Intensity of Infrared and Raman Bands 

The intensity of IR band is piroportional to the square of the 
transition moment (or change in dipole moment) of the vibration giving 
rise to that band. In crystalline solids, the band intensity is also 
dependent on the relative directions of the transition moment and the 
electric field vector of the incident radiation. The component of the 
transition moment in the direction of electric vector is equal to the 
transition moment multiplied by cos ^ where (j is the angle between 
them. The absorbance is proportional to the squaa^e of this quantity. 

The intensity of the Raman lines is proportional to the square 
of the induced dipole moment. The absolute intensity determination of 
Raman lines is even more difficult than the one in infrared absorption. 
Factors governing the structural stability of th e molecules 

There are vario-us factors which determine the structural stability 
of the molecules. One of the important factors is the steric considera- 
tions according to which no two atoms can approach a distance closer 
than the sum of their vander Wall radii which greatly limits the number 
of possible configurations. For osygenated molecules, however, besides 

ip ■ ■ 

the steric effects the lone pair interactions of the oxygen atoms also 
play an important role in deteiminating tteir stable configurations. 
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of possible configurations. For oxygenated molecules, however, besides 

v> 

the steric effects the lone pair interactions of the oxygen atoms eiso 
pl^ an Important role in deteiminating their stable configurations. 
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The Infrared Spectra in the Three Phases 

The infrared spectra in the three phases viz . liquid, vapour 
and solid have been studied for a large number of molecules . The intensity 
of the bands may be different in the three phases but still if the 
spectra are showing an overall similarity it may be taken as an indication 
for the constancy of the structure of the molecule. Because of the 
absence of rotational stmcture, the spectra in liquid and solution are ■ 
sharper as compared to the vapour phase. So far as the information is 
based only on the band frequencies of the spectra, it is not very much 
importemt which phase of the compound is studied. Sometimes, however, 
the study of the vapour and solid phase spectra is very important, 
especially in the cases when the molecule may assume one or more than one 
configuration out of the several possible ones. 

VIhat follows is a brief discussion of the characteristics and 
applications of the infrared spectra in vapour and solid phases. 

The Vapour Phase 

The shape of the bands occurring in vapour spectra is very much 
dependent upon the distribution of the energy over all rotational levels . 

If the molecules possess relatively large rotational constants the rota- 
tional fine structure is resolved and clearly separated rotational bands 
may appear. However, for molecules with smaller rotational constants 
these bands may not be resolved and what the spectrometer would record 
is only a band envelope . The study of these band shapes is sometimes 
very helpful in assigning fundamentals and in differentiating among the 
various configurations of the molecules. In the following discussion, we 
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shall deal with the band shapes and PR separations as predicted for 
various raolecules. The P and R branches .are observed corresponding to 
the A J = -l and A J = + 1 transitions respectively and lie on either 
side of the Q branch ( Aj = 0 transition). 

Before going into the details of the calculations we shall 
first define the various types of molecules and discuss the notations 
used in the calculations. 

The molecules may be divided into four categories depending 
upon the relative values of the three moments of inertia 
about the three axes passing through the centre of gravity of the 
molecule. These three moments of inertia are comonly denoted as 

4 4 ^0' 

a) Linear molecule : For a linear molecule I . = 0 whereas IT^ = I. 

- ' * ( 

b) Spherica.! toymolecule j If all the three moments of inertia 

are equal that is , = Ig = the molecule is referred as spherical 

top. 

c) SyiTimetric top molecule : If the tw moments of inertia are 
equal and third is nonzero, the molecule is called symmetric top. Tvro 
possibilities exist for such a combination: 

In the former case the molecule is said to be oblate symmetric top 
and in the latter prolate sy.maetric top. 

d) In case all the three moments of inertial aie unequal that is. 


, Ig and Ig 
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the laolecule is said to be asyrarrietric top. 

The molecular parameters required for the calculations are 
either functions or simple ratios of the rotational ooMtants (the 
rotational constants are related to moments of Inertia by the relations 
A = h/{8-[T^cI ), B = h/(8Tr^cI ) and C = h/(8-^clJ), 


The frequently used parameters are jc. , jg? » y and S( )* They 
aie defined as 

l( - (gB - A - C) 

" (A - C) 

^ = g - 1 for prolate and /» = ^ - 1 for oblate molecviles 

- A ~ G 
) B 

The molecule is referred as oblate type for iC = + 1 and for all 
values of ^ in the range -4- ^|3<p, whereas it is considered as prolate 
type for K = -1 and for all values of ^ in the range The 

constant ^ may have all values between 0 and co for prolate asymmetric 
top molecules but it can not exceed unity for oblate molecules. The 
constants ^ and ^ are identical for symmetic top molecules. The 
parameter S( is defined as 


log Sif) 


0.721 


.1.13 


( 1 . 6 ) 


( + 4)' 

The constant S(^) may have a fixed value or lie in a specific 
interval depending upon the type of the molecule. 
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PR separation of symmetric top molectiles ; The PQR structure of the 

bands is governed by two factors: the intensity of the Q branch and 
V 8 

the PR separation ^ • 

The intensity if the Q branch appears to be closely arelated 
to ^ and the absolute tenperature , whereas, the PR separation is 
apparently dependent on y® , B and the absolute teii 5 )erature. 

7 

Gerhard and Dennison have shown that for parallel bands 


^ 2 = ,^> 0 ( 1 . 7 ) 

where I refers to the intensity of the Q branch and L to the total 

Q 

intensity of the band. For paralleti bands I- reaches a maximum for 

H 

jS>= in increase in is there for the decrease in ^(3 in the 

region 0. For negative values of increases rapidly 

and reaches maximum for ^ For the two limiting cases ^ - Q 

(spherical top molecule) and ^ = co (linear molcule) , is zero and 
1/5 of the total intensity of the band. 

For perpendicular bands the intensity of the Q branch should 
be of comparable intensily relative to the P and R branches idien 
p -4' • Iq increases with the increase in pf and equals l/3 of the 
total intensity of the band for p = 0 (there is no distinction between 
parallel and perpendicular bands for yB = 0) . The intensity of the Q 
branch increases rapidly for positive values of and all branches 
become broader with their maxima lower. For very large values of ^ t 
the PC|i structure of the band disappears and the shape of the band 
is like gauss error curve. 
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The second factor determining the total structure of the band 

7 

is the PR separation. According to Gerhard and Dennison the PR 
separation of the parallel bands may be given as 

A>^CPR) = 5 S (p) 

where T is the absolute temperature and other parameters have been already 
defined. 

It may be seen from the above formula that for p = 0 the molecule 
is a spherical top and the PR separation is given as 

a = 10 if-)* (1-9) 

The parallel and peipendicular bands would not be distinguishable 
in this case. ■ 

For p = oO the molecule is linear and the PR spacing is 

given as, 

A>^(PR) = 5 cm“^ (l.lO) 

In both the spherical top and linear molecules the PR separation 

of parallel and perpendicular type bands will v^e equal. According to 

7 

Gerhard and Dennison the PR separation of the peipendicular band is 
given by the relation 

4 P (PR) =10 5: cm"^ (1.11) 

where 2,^ refers to the distance between those points of the envelope where 
the absorption coefficient of the p and R branches are maximum. 
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Theoretical band envelopes have been drawn by Gerhard and 
7 1 

Dennison for the values of =-i-, -g, i-, 1 and 4. It is possible 
to calculate the PR separation for these values of p from the given 
figures but for other values an interpolation is to be perfomed. 

9 

Seth-Pavil and Dijkstra have suggested the formula 

A y(JUPa) = (^+ iF A (^PR) (1.12) 

for the range ^ 3/4 and this relation may be used as a substitute 

for the interpolation technique, 

PR separation of asymmetric top molecules; The calculations of Gerhard 
and Dennison were extended to asyrmetric top molecules by Badger and 
Zumwalt^^. The band envelopes were drawn for different combinations of 

, 0 and + The 
PR separations of A, B and G type contours could be calculated by 
estimating ^ values from the figures and then substitxrbing in formula 
(l.ll) for symmetric top molecules. Though this method is quite convenient 
for large number of molecules, the main difficulty is experienced when 
the p* and values lie bqyond the range for which the band envelopes 
are drawn. Laborious interpolation may be required for calculating the 
values and hence the branch separations . In addition to this for 
certain molecules ^ 5/4 which interferes with the interpolation. 

In order to overcome these limitations Seth-Paul and Dijkstra 
worked out a procedure and gave the formula 

where iC is either a number, a constant ratio of rotational constants or 


molecular parameters 




2L '4 


f r and r and 




1 

2 
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a function of molecular parameters and 
^ BC 

B = for prolate asymmetric top molecules 

^ iffi 

and B = for oblate asymmetric top molecules 

The agreement between the calciolated and observed values xjas 
quite satisfactoiy for a large number of molecules. 

The branch separation of the parallel bauds is given as 
^V(PR) = 10 S(p) i^■)^ cm'^ (1.14) 

for 3/4 and -1 4 ^ ^ + 1- 

The B type contours show two sharp Q branches separated by 

. The central gap is due to 

the reason that the selection rules do not allow Q branch, to appear near 
the the centre of the band. Theoretical calculation of the band 
envelopes show that the separation between the two Q branches increases 
with the increase in the value of p' . I'Jhen p approaches unity 
there is no clear PQQR structure due to the overlapping of the P and R 
branches, the decrease in the intensity of Q branch and the simultaneous 
broadening of all branches. From an analysis of several observed 
A values of oblate molecules Seth-Paul and De Me 3 ?Br^^ gave the 


following relation 



A y (qq) = i 

P* fori <^»4i 

(1.15) 

and A>^(Qq) = -| 

3g/2 for 

(1.16) 
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ijtiere Sg is the calculated PR separation of the corresponding type B (J_) 
band . 

Marked differences are sometimes observed between the esspected 
and observed PR specings. Various factors may be responsible for such a 
behaviour viz. change of rotational constants in going from the ground to 
the excited state, varying coriolis coupling constants, dipole moment 
not changing parallel to one axis of inertia thus giving rise to lybrid 
bands . 

1 ? 

Seth-Paul and De Meyer “ found a better agreement between the 
expected and observed PR spacings by using the formula 

ZVy(PR) typec^p = £ ( ?( tg cK, + l)/(tgO(.+ i)'2 3^ cm"^ 

( 1 . 17 ) 

where denotes the PR spacing for pinre type band, being the angle 
between the direction of the oscillating dipole and the major axis of 
inertia with respect to the other (p) axis 7^ is either a number, a 
constant ratio or a function of several molecular constants depending on 
the value of IfL and p*. 

For simplicity it would be assumed that the change of electric 

vector is parallel to the bonds for symmetrical stretching modes and 

normal to this direction for asymmetrical stretching modes and similarly 

for symmetrical and asymmetrical deformation modes. For instance in 

X - GHj group, the dipole is assumed to oscillate parallel to 0 - X bond 

for the ^^(CX), ')) (CtL) and S (CH,) modes. On the other hand, 

sym a sym a 

the dipole moment change is taken perpendicular to this direction for 
^ (oh,,) and (CH™) modes. 

^asym o asym o ' 
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The hybrid bands are very commonly observed in the spectra of 

molecules possessing C symmetry. 

s 

The Solid Phase 

The solid state spectrum may be quite different from the fluid 
phase spectra. The changes in the crystalline spectra may be due to 
following causes; 

a) The removal of degeneracy ; The degenerate bands may split in 
•the crystalline phase due to the reduction of the molecular symmetry at 
the lattice site. This type of splitting is called site group splitting. 

b) Resonance Interaction ; No site group splitting occurs for 
non-degenerate vibrations. However, these vibrations may split due to 
the resonance interaction between inequivalent molecules in the unit cell. 
This splitting known as factor group splitting may always be small in 
magnitude. This fact is borne out experimentally as the modes generally 
show either less than the expected number of components or, in many cases, 
do not show any resolvable splitting. 

c) Lattice Vibrations : The crystalline spectra may show some 

new bands. These new bands called lattice vibrations are associated with 
the crystal field and are not directly concerned with the internal modes 
of the molecules. They arise due to the motion of the molecxiles 
relative to one another in a crystal. The lattice vibrations usually 
occur at much lower frequencies ( 4 :;;^ 650 cm~^) as compared to intranmlecular 
vibrations (motion of the atoms with in a molecule) . In addition to the 
lattice vibrations the combination of the fundamental frequencies and 
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crystal lattice frequencies may also appear in the crystalline phase. 

d) The changes due to rotational isomerism i The solid state 
spectra may sometimes be much simpler than the fluid phase spectra if 
different isomers are present in the fluid phase as only one conformation 
with lower energy gets stablized in the solid state. 

e) The change in force constants : In addition to the change in 

the number of observed bands, the shift in the frequencies is also observed 
which means that there is a change in the force constants when the 
temperature is lowered. 

In liquid and vapour phases the interaction of radiation takes 
place with the normal modes of the molecule whereas, in solid state it is 
the normal modes of the unit cell which interact with the radiation. 

The nonaal modes of a unit cell consist of the normal modes of the 
individual molecules present in the cell. These normal modes would be in 
as many different phases as the number of molecules per unit cell. 

The Assignment of Bands 

The assignment of the observed infrared and Raman spectra is 
somewhat difficult especially in the complex molecules where many bands 
may appear due to the large number of fundamental modes of vibration. 
Several tecliniques are employed in order to assign the spectra viz. 
selection rules, polariazation data, vapour phase band contours, isotope 
effect. These techniques are discussed in the following text. 

a) SelectiPn rules ; The selection rules, which are responsible 

for the appearance or nonappearance of a band in the vibrational. 
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spectinini of a molecoile, are verj" xiseful in the cases ^lrhere the activity 
of the modes is different in the infrared and Raman spectra. If the point 
group symmetry of the molecule is already knoxm, the ntmiber of infrared and 
Raman active vibrations could be easily calculated. 

b) Vapour phase infrared band contours : The shape of the infrared 
band contours is sometimes very helpful in making vibrational assignments. 
If the symmetry of the molecule and its moments of inertia are known, the 
band shapes and PR separations are predicted. These predicted values are 
then compared with the e 5 ! 5 )erimental values. 

c) Depolarization ratios : In Raman effect the scattered light is 
observed at right angles to the direction of the incident beam which may 
be polarized or unpolarized. 

The direction of the induced dipole moment P alwsys concides with 
the direction of the electric vector 1 producing it for the molecules whose 
polarizability ellipsoid is a sphere irrespective of whether the incident 
light is polarized or not. However, for the cases where the polarizdbility 
ellipsoid is not a sphere, the direction of E and P will coincide only 
when B is in the direction of one of the axes of the polariJffAbility ellip- 
soid, If the sample containing such molecules with all orientations is 
irradiated, the direction of P is not restricted to the plane at right ’ 
angles to the beam, even thop^h it cannot take all orientations with 
respect to it with equal probability. 

It may be shown that any vibration which is antisymmetric or 
degenerate -j^th respect to any other symmetry element should give rise to 
Raman line with the maximum degree of depolarization ( p = 6/7 or 3/4 
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depending upon whether the incident light is unpolarized or linearly 
polarized respectively) . 

IJL 

The degree of depolarization ^ is defined as p = Tjhere 

is the intensity of the scattered light polarized perpendicular 
to the xy plane (the plane containing the direction of observation) and 
is the intensity of the light polarized parallel to this plane. The 
direction of propagation of incident radiation being the z axis. 

13 

Born has shown, by averaging over all directions of the 
polarizibility ellipsoid, that the depolarization ratio for the natural 
incident light is given by the relation 


-L = 6( c^^)^ 

45(0,®)^ + 7(dK^)^ 


(1.18) 


where and (yP are the isotropic and completely anisotropic part of 
the polarizability respectively. 

The equation (l.l8) is true for the Rayleigh scattering and for 
Raman scattering under identical conditions the depolarization ratio is 
given as 


45(cK®')^ + 7(of )^ 


(1.19) 


the primes representing the derivatives. 

The maximum value of equation (l.l9) is 6/7 which is obtained 

C’ I 

when = 0, A Raman line is said to be depolarized if the depolari- 
zation ratio is 6/7. It is only the Raman lines arising due to totally 
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syiametric ■nitrations ■which can have a degree of depolarization lower 
than the naximm value. 

If the incident light is linearly polarized the depolarization 
ratio is related^"^ to as 

fi = if; 

The maxitaurri value in this case is 3/4, so the totally symmetric 
vibrations should have a degree of depolarization less than 3/4 and 
thus may be distinguished from others. 

d) Isotope effect ; The shift in the frequencies by altering 

the mass is useful in the assignment of bands. The larger the difference in 
mass the greater ■will be the shift in the ftequencies . The deuterium 
substitution is very commonly employed to identify the bands associated 
with hydrogen atoms. 
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CHAPTER II 
EIPERIMMTAL DETAIIS 


-1 

The infrared spectra were recorded in the region 4000-250 cm , 

with the help of Perkin-Elmer model 521 spectrophotometer which uses 

the optical null principle with two diffraction gratings as the 

dispersing means. The first grating is used in the first and second 

orders, Tdiereas the second grating is used only in first order, the 

other orders being suppressed by en^loying interference filters. The 

source of infrared radiation is a Nerst glower* The instrument has 

-1 -1 

a resolution of 0.3 cm at 1000 cm and automatically reco3:ds the 
infrared transmittance of the sample as a function of frequency of 
the incident radiation. The abs^cissa and ordinate of the chart 
papers are linear in cm”'^ and % transmittance (O - lOO) respectively. 

For recording high resolution spectra the slit was kept as 
narrow as possible and the ati 5 )lifier gain was increased to con^iensate 
for the loss in power at the detector. Scanning rate was also consi- 
derably slowed down as compared to the survey runs. 

The infrared spectra of pure liquids and solutions were studied 
en^loying fixed cells of thickness *025 and 0.5 mm fitted with CsBr 
windows. The liquid was also sometimes, studied by sandwiching a 
small quantity of it between two CsBr plates. When the spectra of the 
solutions were studied, the solution was kept in the sample cell and 
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the solvent in the reference cell^ in order to coirpensate for the 
absorption due to the solvent molecules in the solution. However, 
if the concentration of the solution is high the coii:pensation is not 
exact and some information due to the overlapping of the bands is 
lost. Solvents such as carbon tetrachloride, chloroform, acetone and 
carbon disulphide were employed. 

Gas cells of 2,5 and 10 cm path lengths fitted with CsBr 
xd.ndows were employed to study the gas phase infrared spectra of the 
molecules. Most of the spectra were recorded at room temperature 
but a few vreak bands vrere studied at elevated tenperatures as well 
(the temperature of the cell was raised by using heating tape) . 
Wherever found necessary the pressure of the gas was lowered than the 
saturated vapour pressure at room temperature. 

The spectra of solids were recorded by depositing a thin 
film of the solid on a OsBr plate cooled by conduction from liquid 
nitrogen reservoir and put in a cell (Tig. 2.l) fitted with GsBr 
windows. The cell used was of Wagner- Honiig type^. The deposited 
film was allowed to anneal in the infrared beam and the spectra were 
recorded when the peaks reached their maximum sharpness. 

The instrument was calibrated against the standard lines 
of GOg, HgO, HGl and Indene . The frequencies for calibration were 
taken from the references (2) and (3). The band positions for the 
shairp bands could be located to an accuracy of 2 cm~^. However, 
for the broad bands the uncertainty may be as large. as + 10 cm**^, 
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The Raman spectra of the liqtdd were recorded photoelectically 
with a Goderg model PH-1 Raman spectrophotometer equipped with a 
Spectra-Physics Model 125 He-Ne 50 mw laser with output at 6328 2 .. 

The instrument employs two monochromators having 600 and 300 ram focal 
lengths latter acting as a filter to get lid of stray light and 
eliminate ghosts. The plane grating has a moling of 1200 lines/nm , 
blazed at 7500 1. The maxim-um resolution of the instrument is .5 cm"“^. 

The Raman depolarization data were deteimined employing a 
half wave plate in the path of the incident radiation. This half wave 
plate was oosed to rotate the plane of polarization of the incident 
light. Band intensity ratios viere measured using incident light pola- 
rized parallel and perpendicular to the slit which is taken vertical. 
This could be affected Ti^r rotation of the half wave plate by 45°. 
Intensity ratios were obtained by comparing the relative band areas . 

The measured intensity ratio R is not simply equal to depolarization 

4 

ratio but is a function of f and is given by the relation 

where f is defined as the ratio of the efficiency of monochromator and 
detector system for horizontally polarized light to ti’.at for vertically 
polarized light. This ratio can be easily measured and for the limiting 
value of f = 1, it has the value R = .86. 

It has been found that accurate depolarization ratios are not 
obtained using coaxial or right angle laser excitation "from samples 
contained in multipas s capillary cells . This is mainly due to the fact 
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that the inherent directional polarization of the laser beam becomes 
disoriented -when reflected from the walls of the tube. Therefore, 
theoretical band ratios cannot be expected and only qualitative data 
can be obtained. 

All the Raman spectra were recorded enploying a sample holder 
having a volume of 1 cc. The slit width and the photomultiplier 
voltage were varied for various recordings. 

The calibration of the instrument was checked against the 
known lines of CCl^, CgHg and (CHg)gCO and the observed frequencies 
were corrected. The Raman frequencies should be accurate to + 2 cm 
for reasonably sharp peaks. 
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CHiffTER III 

VIBRiffilONAL SPECTRA AI® MOLEGULilR 
GONFOBMCTION OF TRIMEIHILAQSrONITRILE 


ilBSTRACT 

The laser-Raman spectrum of trimethylacetonitrile in liquid 
state was obtained alongwith depolarization data, and the infrared 
spectra were recoid.ed both in liquid and vapour phases in the region 
250-4000 cm . A satisfactoiy interpretation of the experimental 
data could be achieved by assuming 0^^ symmetry for the molecule. 

The assignment was aided by the comparison of the infrared and 
Raman data of trimethylacetonitrile with the data and assignments 
for tertiary butyl halides and tertiary butyl acetylene. 
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INTBODUCTIOH 


The trimethy lac etonit rile (TMA) moleciile has been of considerable 

interest from the structural point of view. Livingston and Rao 

determined the structural parameters by electron diffraction technique 

2 

assuming symmetiy for the molecule, hide and coworkers studied 

the microwave spectra of four isotopic species of TMA and determined 

the parameters involving heavy atom skeleton. Reliable structural 

information may be found from the microwave data. Hox^ever, it is 

difficult from the microwave data to distinguish betijeen the Gg^ and Gg 

symmetries which are the probable ones for this molecule. The vibrational 

spectrum has been of considerable importance in the structural assessiaent 

of (GHg)gCX ( X = F,Cl,Br and I) type of molecules So it was felt 

that the study of the vibrational spectrum would throw some more light 

on the structure of this molecule. The vibrational spectrum of this 

molecule has so far not been extensively’" studied except that a few 

5 7 

infrared bands have been reported in the literature * . In the present 
in"7Bstigation, the infrared spectra in the liquid and vapour phases and 
the laser-Raman spectrum in liquid phase are reported and the results 
are discussed. 

EXPERIMMTAL 

The sample losed for recording the infrared and Raman spectra was 
commercially obtained and was distilled before -use. 

The infrared spectrum of the liquid was studied in a cell 

having fixed spacer .025 mm thick. The spectrum in the vapour phase was 

■ ' A ■ . 
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recorded using 5 cm and 10 cm gas cells at room and elevated temperatures. 
The Infrared spectrum of the liquid is sho^Jn in Fig. 5.1 and that of the 
vapour in Fig. 3.2. 

The Raman spectrum of liquid was recorded at room temperature 
and is shown in Fig. 3.3. 

The results are listed in Table 3.2 together with the vibrational 
frequency assignments. 


DISCUSSION 

The possibility of the internal rotation of CH^ groups about 
each of the three 0-C bonds allows several configurations for the TMA 
molecule. However, the restriction that only staggered conformation 
about G-G bond is possible, permits only one configuration for this 
molecule in which the met]:yl group is staggered with respect to the other 
three C-C bonds (Fig. 3.4) . This configuration of the molecule possesses 
point group S 3 rnmietry. Under this symmetry it has, 9a^ species, 

13e species and 4ag species. The and e vibrations are active both in 
infrared and Raman spectra while the a^ vibrations are inactive in both 
the spectra. The type a^ modes give rise to parallel type bands in the 
infrared spectrum and polarized lines in the Raman spectrum. The e type 
modes give rise to depolarized lines, in the Raman spectrum and perpendi- 
dular type bands in the infrared absorption. The fundamental vibrations 
of TMA molecule are described in Table 3.1. 


The moments of inertia of TMA have been calculated to be I = 110. 0 

■ 'SI 


L.m.u, - and I^ = I^ 


185.8 a.m.u. - by talcing d = 1.556 1, 

. G“*C' 
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d = 1.478 i, d_ „ = 1.159 A and all angles tetrahedral. Using 

C-C OSrW 



8 9 

and perpendicular bands were calculated • They were found to be 


jS = .689, A y ( H PR) -25 IV cm“^ and As y(i-PR) 'If. 19 cm“^. The 
parallel bands are, therefore, expected to have strong and sharp Q branch 
with P and R branches on either side separated by about 17 cm While 
the perpendicular bands are expected to show strong but broad Q branch 
with P and R branches appearing as shoulders vri-th a separation of about 

.Q -1 

19 cm . 

The frequencies of the fundamentals are given in Table 3.3 

A close examination of the bands sho^js that the band contours 
are essentially of two kind3;(l) Bands that show a strong and sharp Q 
branch with broad P and R branches. These bands have been designated as 
parallel type, ( 2 ) The bands with a strong but broad Q branch and weaker 
huirps or peaks on either side which correspond to the P and R branches. 
These bands are of perpendicular type. Some bands show only broad maxima 
without ary structure. 

Of the 22 active f-undamental modes of vibration of TMA 14 are 
due to the three CH^ groups present in the molecule. Ten of these methyl 
group vibrations are the well known internal \d.brations of methyl 
grotp, the remaining four are of external type. The eight remaining 
vibrations are concerned with the heavy atom skeleton and are called 
skeletal vibrations. 

To proceed with the assignment of bands, -we shall first dispose 
of the hands due to internal vibrations of methyl group. There are several 
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bands in the region £900-3000 em"^ in which the CH stretching vibrations 
are ewpected to faU. Some of these bands be due to the overtones of 
the bending vibrations and hence a detailed and unambiguous assignment 
of fundamentals is not possible for the OH stretching modes. Lide and 
oo^rkers® assigned the bands at 5010 and £985 cm'l to the three degenerate 
and two non-degenerate vibrations respectively in the infrared spectrum - 
of tertiary butyl fluonde. A similar type of assignment was made by them 
for other t-butyl halides as well. However, the assignment of the OH 
stretching nodes ty Evans and lo is somewhat different for t-butyl 
chloride . The two e type vibrations of t-buiyl chloride have been 
assigned at £993 and £981 whereas the third one is placed at 

£937 cm The a^^ modes are assigned to the £981 and £937 om'^ bands. 

The asslgment ly Evans and lo seem to be more reasonable and accurate 
and we shall assign the OH stretching modes of TMA accordingly. The 


liquid phase spectrum shows tiro bands at '2980 and £940 cm’^ and the 

corresponding bands in vapour phase ir appear to show peipendicular an! 

parallel type shapes respectively. Very near tc the Q branch of perpendi-' 

cnlar type band, there is a sharp peak at £991 cn’^ It is quite probable 

that the two e modes are not resolved In liquid state but split up in 

vapour phase. We shall therefore assign the two modes and 

. -1 15 

in vapour phase at £991 and £987 cm'^ respectively and in the liquid to 

the same hand at 2980 cm“^. The corresnrmHnvc o i . 

corresponding Raman band is observed at 

£988 cm-1 and in depolarised. Tho above 

nnassigned. Two of them are of a^ type and the third one is of e type. 

One of these modes has been placed at £948 and £933 orn'l in infrared 

and Raman spectrum respectively. There are two more strong infrared bands 
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at 2922 and 2888 cm~^ which need attention. The corresponding Raman 

-1 

bands are observed at 2912 and 2878 cm and are of medium and weak 

intensity respectively. Both of these Raman bands are polarized. These 

ti.jo bands are believed to arise due to Femi resonance of with 

sym.CIh 

( PIT + ptj ). The intensity of the infrared bands suggests 

oLSyiu « wiig 

that the two bands arise due to nearly equal contribution from the 
fundamental and the summation tone However, Raman data 

gives an indication that the higher frequency component is mainly due 

to }) as the intensity of this component is higher than the low 

sym » wJri ^ 

frequency one. The higher frequency component in both the spectra has 

therefore, been assigned to V vibrations X, and 

sym^urig lo 


It has been observed in t-butyl halides^ that the 




sjrm.GHj 

shows no splitting due to coupling of vibrations, whereas the K 

asym.GfL 

splits up because of the coupling of modes. However, a splitting of 


aj^and e modes was found for isobutane by Evans and Bernstein"''^. The 
higher frequency component of the pair of bands at 1571 and 1594 cm 
was 


assigned to the a. mode of the ^ and the lower one to the e 

JL SyiTl.uXl^ 


species of • We have observed four infrared bands in the region 

of OH^ deformation modes. Two of these bands at 1486 and 1468 cm"*^ are 

O 

clearly due to the vibrations. The infrared band contoxn: 

' ^ -1 ' 
reveals that the band at 1468 cm is of perpendi-CTolar type. Ho Raman 

counterpart is available for the 1486 cm ^ infrared band but a depolarized 

-1 -1 

band is observed at 1466 cm corresponding to the 1468 cm infrared 
band. The assignment is then straight forward and the bands at i486 


and 1468 cm”^ have been assigned to the and, )^g and ^ 


17 
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respectively. The Raman spectrum shows one more band at 1455 cm ^ 

adjoining to 1466 cm"”^ band. This may be due to one of the modes ^17 

and ^18 which are probably overlapping in infrared but split up in Raman 

spectrum. In the region of the symmetric CH^ deformation, two bands are 

seen at 1405 and 1376 cm The P branch of the 1405 cm"^ band is 

probably overlapped by the R branch of 1376 cm band. The infrared band 

contours are of parallel and perpendicular type for 1405 and 1376 cm ^ 

bands respectively and suggest them to be assigned to and 

respectively. The assignments are further aided by analogy with 
10 

Isobutane . No Raman bands could be observed for both of these bands. 

Contrary to the observation in t-butyl halides, the vibration 

» V- syrn.,GH2 

shows a splitting indicating that there is enough coupling to separate 
the a^ and e modes of vibration. 


-1 

There are two strong infrared bands at 1E12 and 1245 cm in 

-1 

the liquid phase spectrum. The band at 1245 cm splits into two 

-1 

components at 1251 and 1257 cm in the vapour spectrum. Corresponding 
to the liquid state bands two Raman bands are observed at 1209 and 
1245 cm . The one at 1209 cm is depolarized but 124-5 cm band seems 

to be polarized. The infrared band contours seem to be. of peipendicular 

-1 

and parallel type for the 1216 and 1251 cm vapour phase bands. The 

-1 

assignment of 1216 cm band to the asymmetric C-CH„ stretching vibration 

is quite straight forward and there seems to be no ambiguity regarding 

this assignment. The C-GH^j stretching mode for TMA is at somewhat higher 

frequency as compared to the t-butyl halides where the corresponding 

- 1 ^ . - 

mode is found in the range 1100 - 1150 cm . The assignment of the 
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-1 11 
1251 and 1257 cm bands is somexdiat ambiguous. Slieppared assigned 

the band at 1245 cm in the Raman spectrum of t-butyl acetylene to the 

symmetric C-C = stretching mode. His assignment was based on the results 

12 

of calculations of Sutherland and Simpson who showed that the pair of 

-1 

frequencies at 1250 and 1200 cm are probably due to G-G stretching 

nodes of vibration. The possibility of placing GH^ rocking mode at 
-1 

1245 cm was also discussed. The results of t-butyl halides also 

favour the above assignment as no CHg rocking modes were assigned in that 

region. He, therefore, place the G-CS. stretching mode at 1251 cm”^. 

b 

-1 

The adjacent band at 1257 cm arises probably due to Fermi resonance 

+ The 

symmetric G-G stretching vibration called as the breathing f 3 ?equency 

of the Cg skeletal has been attributed to the parallel type infrared 

band at 685 cm and vqyj strong polarized Raman band at 686 cm” • The 

above assignment is analogous to the t-butyl acetylene where the corres- 

-1 11 

ponding mode has been placed at 690 cm in the Raman spectrum . This 

vibration is again at ■ somewhat lower frequency than the corresponding 

mode in t-butyl halides where the similar mode is found in the range of 
- 1 ^ 

750-820 cm . We thus see that the splitting between the skeletal 
asymmetric and symmetric stretctlng vibrations is much larger in TM 
than the separation between the corresponding modes in t-buityl 
halides. 

The methyl rocking modes may interact with the skeletal modes 
of the same syametiy specie, making an exact assignment of the three 
active vibrations somewhat difficult. What follows is an approximate 


between the fundamental 


and the combination 2 
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description of these vibrations. The Reman spectrum in the liquid 

— i 

phase shows three bands at 1052 (vw) , 940 (m) and 873 (n) cm which 


may correspond to the three rocking inodes. As the Raman bands at 1032 
-1 

and 940 cm are depolarized and their infrared counterparts at 1038 and 

-1 

937 cm respectively seem to be perpendicular type in nature, thqy 
have been selected for the modes and respectively. 


The remaining Raman band at 873 cm 


(highly polarized) and the 876 cm”^ 


parallel type infrared band may be assigned to the vibration 

However, the assignment of 876 cm ^ band is somewhat ambiguous and may 

-1 

be reversed ijith the 1251 cm band assignment as pointed out earlier. 


The four skeletal bending nodes are yet to be assigned. 
analogy with t-butyl fluoride, three out of these four vibrations may 
fall in the region 330-470 cm . However, only two bands are observed 

in the infrared and Raman spectra of liquid. The vapour phase spectrum 

-1 

shows a band with Q branch at 365 cm which probably corresponds to 

-1 1 

the 378 cm liquid state band. The other liquid state band at 361 cm" 

-1 

is probably overlapped by the P branch of the 365 cm band. The Raman 

-1 

bands at 366 and 578 cm are depolarized and polarized respectively. 

As only two bands are observed and three modes have to be assigned, it 

may be thought that the two degenerate modes -P and S are 

/ c^c ccc 

overlapped as these vibrations are of somevdiat similar nature. We, 

T' ' "C ' —1 

therefore, assign the r and modes to 361 cm infrared and 

-1 ^ ^ 

566 cm Raman bands respectively. The symmetric mode may then 

OC(3' ■ ' 

' -1 

be placed at 578 cm in the liquid Infrared and Raman spectra. % 
looking at t-butyl halides wo find that the assignment of asymmetic 
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and symmetric bending modes is reversed for TMA, as symmetric mode is 

assigned at higher frequency than the asymmetric one. However, a similar 

type of behaviour was foimd for isobutane, xg'here the asymmetric and 

-1 .10 

S3niimetric bending modes were assigned at 367 and 426 cm respectively . 

7 r -1 

Lucier and coworkers have assigned the 6 vibration at 573 cm 

° ccc 

in liquid phase. But this assignment does not seem to be very reasonable 

r 

as the frequency is quite high for the 6 modes. By looking at 

C 00 

3 

t-butyl halides we see that in no case it was foimd higher than about 

460 cm , the highest bending frequency being of t-butyl fluoride at 

461 cm 

"“1 

The depolarized Raman band at 195 cm (ve3?y strong) must be 

ascribed to some skeletal bending vibration as no other vibration could 

0 

give rise to such a strong band in this region. Holler et al. reported 
an infrared band at 183 cm”^ describing it as skeletal vibration of 
specie e. The only possible assignment for this band is G-C=N bending 
mode 

The assignment of the C SN stretching vibration at 2249 and 
-1 

2240 cm infrared and Raman bands respectively is very definite as the 
origin of such a band is characteristic of nitriles. 

ill other bands could be satisfactorily interpreted as combina- 
tions or overt.ones of the fundamentals discussed above. Their assignments 

have been included in Table 3.2 and will not be discussed here in detail 

-1 

except for the band at 1142 cm in the infrared spectrum. The Raman 
band corresponding to this infrared band is not available which favours 
its assignment as the summation tone as they are •usually not observed in 
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the Raman spectrm. Its assignment as a summation tone is further aided 


by the fact that a summation tone must be observed corresponding to the 
difference tone at 765 cm An alternate ejqjlanation for 

this band i-jould have been that it arises due to the rocking vibration 
( )^ 9 ) when the symmetiy of the molecule is and not (the a^ 
species become active under Cg symmetry) . This ejqjlanation does not 
seem to be very reasonable as none of the structurally similar (CHg)g OX 
(X = F, 01, Br and I) type molecules needed ary ejq^lanation on the basis 
of Gg symmetry. Furthermore, the explanation of the band as a summation 
tone is quite satisfactory and hence the need of interpreting the band 
on the basis of lower symmetry Gg does not arise. 

As all the infrared and Raman bands could be satisfactorily 
explained on the basis of Gg^ symmetry, the proposed structure of the 
molecule seems to be the correct one, that is, the molecule possesses 
a structure in idiich the methyl group is staggered with respect to the 
other three G-C bonds. The projections of the trimethylac etonit rile 
on the planes containing the ab and be inertial axes are shown in 
Fig. 5.5. 
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TABLE 5.1 

Description, i^srmmetiy and Activity of the Normal Modes* 
of Trimethylacetonitrile Molecule Under Point Group 


Approximate 

description 

( 

(.ir and Raman 
active) 

2 

(ir and Raman 
inactive) 

e 

(ir and Raman 
active) 

G-H asym. st . 


4 

14 » 15 

C-H sym. st. 



16 

C=K st. 

^3 



CHg asym. def. 


4 


GHg sym. def. 



4 

C-C H st . 




CHg rock. 


4 

^21' ^22 

G-C st. 

i 



4 OCC def. 



■^3 

j 

GgC rock. 


) 

^24 

GHg tors. 


^15 

4 

C-C 3 N bend. 



}/ 

^26 

Abbreviations : 

st. = stretching, def. 

= deformation. 

rock. = rocking. 


tors. = torsion, bend. 

= bending, sym. 

= symmetric. 


asym. = asymmetric. 

*The notation system of Herzberg was adopted ( G. Herzberg, 

'•Infrared and Raman Spectra of Polyatomic Molecules", D. Van Nostrand, 
New lork (1945)) . 
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TiffiLE 5.2 

Observed Infrared and Raman Spectra of Trimethylacetonitrlle 


Infrared 


Raman effect 



Vapour 


Liquid 


in 

liquid 


Assignment 

( cm Int . 

Type 

(cm"^) 

Int. 

(cm”^) 

Int. 

Depol. 



1 

2 

3 

4 

5 

6 

7 

8 

9 







195 

Vs 

dp 

■^26 


355 " 


.L 

361 

w 

566 

w 

dp 

^23’ - 

^24 

565' 

r ^ 

378 

m 

378 

w 

P ? 

>^9 


376^ 

I 









597 

vw 


573 

vw 

585 

vw 

P ? 

3x V 

26 

676' 










685 

b m 

U 

687 

m 

686 

vs 

P 



694 

J 









765 

w 


773 

w 

760 

vw 

P 

^2“ ' 

4 

865 

1 

i 









876 

1 

\ vw 

tt 

873 

w 

873 

HI 

P 



867; 










926^ 










937 

w 

L 

938 

m 

940 

m 

dp 

iz 


948__: 









1026' 








1 


1038 
_ 1 

^ vw 

i. 

1037 

w 

1032 

vw 

dp 

4i 



1049 I 

1142 vw 

' 1204 ^ 

1216 
1225 


i 


3148 


1212 


w 


s 1209 


m 


y* + >^ 
22 26 


dp 

Gontd, 




20 
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Table 3.2 (contd.) 


~l“ 

2 

3 

4 

5 

1244 

1 

s 

> 




1251 

! 

,> s 

fl 

1245 

s 

1257 

1 ^ 




1265 

J 




136?' 





1376 

^ s 

i? 

1372 

s 

1386 





/ 





A 

t 




1405 

1 

> m 

li 

1403 

in 

1415 

/ 

1 

! 




1456' 





1468 

I 

s 

1 

1464 

s 

1477 J 
_ > 

14861 

s 

11 

1480 

s 

1495 : 





J 



1627 

vw 




1722 

vw 

1807 

w 


1802 

vw 

1898 

vw 


1894 

vw 




1972 

vw 

_ 1 



2186 

vw 

2249 1 

■ 1 

w 

? 

2236 

s 

2258] 


1 



2307 

vw 


2307 

vw 

VAH' i 

vw 


2406 

vw 


vw 


2423 

vw 


vw 


2477 

vw 


1245 


vw 


1455\ 
1466 i 


m 


2240 


m 


dp 


P 




2x 




19 




H . 7 ^ "^18 


y +y 

8 ^ 22 

^9 ^23 

^8 + -^22 ^^26 

^8 ■*■ Ho 

y. +>io 

^^21 22 

y + >^ 

21 22 26 


+ C 

19 22 

y + 

17 22 

>^ + y 

y +y 

17 21 


Contd.' 



50 


Table 5.2 (contd.) 


1 

2 

3 

4 

5 

6 

7 

8 

2587 

vw 


2574 

vw 




2616 

w 


2610 

vw 




2738 

w 


2730 

w 

2728 

VW* 

P 




2761 

w 




2799 

sh 


2798 

sh 

2795 

vor 

P 

2817 

sh 


2813 

sh 




2857 

sh 


2832 

sh 




2870' 








2888^ 

. s 

i1? 

2878 

s 

2878 

w 

P 

2898 I 





2893 

V 

P 

2914' 

1 







2922 

1 

r ® 

(•? 

2913 

s 

2912 

in 

P 

2933 

/ 

i 







2942) 

i 







2948 

^ S 

u? 

2940 

s 

2933 

m 

P 

2960 1 

/ 





2960 

w 

P 

2981 ] 








2987 V vs 


2980 

vs 

2988 

m 

dp 

2991 i 

i 

.S'. ", 







3000 j 

y 








3121 

■.V u 


3106 

w 




3200 

w 


3190 

yw 




3242 

w 


3242 






y + 

19 20 

y + y +y 

18 22 26 

*^19 

+ y 

5 19 

y + y + y 

19 20 26 

23C 

y + y 

18 19 




y+ + y 

4 21 23 


y, y 

2* 16 


y 


2x 


y 


^15 


y + y + y 

y\/ +1® 
4+^9 +>'. 


19 


Contd 
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Table 5.2 (contd.) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

3550 

w 


3345 

w 




y + y +y 

9 21 -^22 

y y t 

^4 ^21 ^22 

t i V 




3475 

w 







3780 

vw 




6 21 


Abbreviations : w = weak, ra = medium, s = strong, vw = very weak, 
vs = very strong, sh = shoulder, p = polarized, 
dp = depolarized, F.R. = Fermi Resonance . 


I I T KANPUR 

Ce WTRAl^ AW V I 

IS 80 6 : 
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TiffiLE 3.3 

Fmdamentals of Trimethylacsotonitrilo 




ir -work 


Raman effect 

Species 

Type 

Liquid 

Vapour 

in liqixid 



(oin“^) 


^ (om-l) 

1 

2 

3 

4 

5 


ry 

! 1 

2940 

2948 

2933 



2913 

29 22 

2912 


: 

2236 

2249 

2240 


\ >4 

1 

1480 

1486 


ai 


1403 

1405 



4 

1245 

1251 

1245 

1 

j 


873 

876 

873 

1 

1 

■^-8 

687 

685 

686 



378 

365 

578 


f>lo 

. } 

"'ll 

- 

- 



- 


- 

^2 

( 

- 

- 

- 


^13 

- 

- 

- 


contd 
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table 5.3 (contd.) 


1 

2 

3 

4 

5 


14 

2980 

2991 

2988 


>15 

2980 

2987 

2988 


4 

2913 

2922 

2912 


^17 

1464 

1468 

1466 


4 

1464 

1468 

1455 


4 

1372 

1376 


e 

i 


1212 

1216 

1209 


4 

1037 

1038 

1032 


4 

938 

937 

940 

I 

^23 

361 

355 

366 


4 

361 

355 

366 


^25 





^26 



195 


V 


0.025 mnn 



infrared stjsotrura of li-quid trims thy laaetonlt rile in t-hs ■'^e.'ton fEO-1 


65 



FREQUENCY (CM ') 


66 



2300 2500 2700 2900 3100 

FREQUENCY (cm') 








OoOOl 



300 500 7Q0-. 

CM 




Fig, 5. 2(b), The infrared spectrum of gaseous triwthylaoetonltrlle in the region 12CX)-g200 cm' 





.S.2(d). The Inl 
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Fig, 3*4. T1»0 soheaatio atrucrttir® of triaethylaoetonitrile molecule. 
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CTTRODUOTIOH 

Seversil papers concerning the structural determination of 

methoxy compounds have appeared in literature . Wihnshurst and 

2 . 

Kukada studied the vibrational spectra of dimethoxy methane and 
assigned the spectraldata on the basis of only one conformation 
having Cg point symmetry. The spectra of trimethoxy and tetramethoxy 

3 

methanes were studied by Lee and Tifi-lmshurst . The presence of , 
rotational isomers was established in trimethoxy methane, vdiereas the 
data for tetramethoxy methane are consistent with the assunption of 
only one geometric structure. The methoxy substituted ethanes (methyl 
ethyl ether, 1, 2-dime thoxy ethane, 1,1, 1-trimethoxy ethane) have 
recently been studied"^ and the existence of atleast two axJtational 

4 

isomers claimed. Snyder and Zerbi examined the spectra of methyl 
isopropyl ether (a methoxy substituted propane) and carried out force 
constant calculations. Their interpretation of the data is conpatible 
with the existence of two rotational isomers in liquid state, idiile 

4 

in solid state the molecular form having °la stmctiare gets stablized . 
It was felt that it would be of interest to investigate the infrared 
and Raman spectra of higher substituted methoxy propane, the 2, 2-dime- 
thoxy propane (IMP) in which both the hydrogen atoms of the CHg group 
of propane have been replaced by OCHg groups. To our knowledge, no 
structural determinations have been attempted for this molecule. This 
molecule is e3q)ected to exist in several molecialar conformation dije to 
the internal rotation about each of the two C-OCHg bonds. 
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In the present investigation the Baman spectrum of pure 
liquid and the infrared spectra of solid, liquid and gaseous BMP 
have been studied. The data ai« found to be consistent -with the 
assumption of only one molecular model having Cg symmetry . A vibra- 
tional assignment consistent with the Raman depolarization data and 
vapour phase infrared band contours has been made. 

EXPERIMMCAL 

The sample used for recording the infrared and Raman spectra 
was commercially obtained and was distilled prior to use. 

The Hquid phase infrared spectrum was recorded by sandwiching 
a small quantity of the compound between two CsBr plates. The vapoirr 
phase spectrum was investigated using 5 cm gas cell. The solid phase 
spectrum was recorded with the Iplp of a low temperature cell. The 
Initial deposit was property annealed and then the spectrum was recorded. 
The visual inspection indicated that the films were crystalline. The 
details of the instruments used and experimental procedure are given 
in Chapter II. 

The liquid, vapour and solid phase spectra are shown in 
Figs. 4.1, 4.2 and 4.3 respectively. The I^man spectrum of liquid 
is shorn in Fig. 4.4. 

The conplete set of infrared and Raman data is given in 


Table 4,3 
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DISCUSSION 

The possibility of rotational isonierism, due to internal 
rotation about each of the two O-OJfe bonds, allows nine conformations 
for 2, 2-dime thoxy propane of which only four TT, TO, GG and GG’ are 
spectroscopically distinct (Pig. 4«5). The first letter designates 
whether the trans (T) or gauche (G) confi- 
guration and the second letter indicates idiether the chain 

has the trans (T) or one of the two nonequivalent gauche (G and G' ) 
configurations. The n-umbering of atoms is shown in Fig. 4.6. However, 
the important assmption that the primary interaction affecting the 
stability of any particular configuration is the steric effect involving 
the methyl groups, reduces the number of isomers to three TG, TT and 
GG. Further the overall similarity in the infrared spectra of liquid, 
vapour and solid phases suggests that the molecule exists in a single 
configuration in all the three phases. If now the second^ay interaction 
affecting the stability of the isomers is considered as lone pair 
interactions, this leads to GG as the stable conformation for the 
molecule. 

The rotational constants A, B and C were calculated for 
the GG form (the expected value of dihedral angle (6) = i^®), 
assuming rQ__jj = 1.09 i, = 1.44 i, r^^^ = 1.54 I and all angles^^^^^^^^^^^^^^^^^ 

tetrahedral. The values of rotational constants and asymmetry parameter 
{)/i= are shown in Table 4.1 and indicate that the molecule 

is highly asymmetric ( K. = -0.428) for 0 = 120°, Three distinct A, B 
and C type of band contours m^, therefore, be expected for this 
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structure. The A type band contours should have a very strong Q 

# -1 

branch and PR spacing , of 'v 12 cm , the B type band contours should 
have a PQQR type stincture with PR spacing of cm”^ and C type band 

contours should appear with a strong Q branch and PR spacing of ^-19 cm*"^ 
However, the observed vapour phase infrared band contours are mainly 
of two types in nature and resemble veiy closely to that of parallel 
and perpendicular type of bands expected for syranetric top molecules. 

So, the proposed structure seems to be improbable. 

The calculations for the rotational constants and asymmetry 
parameter wei^ then carried out for various values of dihedral angle (9) 
ranging from 0 to 180°. The plot of A, B, G and 1C vs. 9 as shown in 
Pig. 4.7 indicates that the molecule is an approximate symmetric top 
for 6^0° and 90°. As is clear from the graph the molecule is nearly 
an oblate symmetric top for 8 90°. This structure of the molecule is 

expected to give rise to perpendicular typ® of bands with well separated 
P and R branches having sharper but vreah Q branch. The parallel type 
of contours should also have well separated P and R branches with 
pronoxHiced Q branch. The observed infrared gas contours are of somewhat 
different in nature and appear as; (l) The bands xd.th a strong and 
broad Q branch having xmresolved weaker hunps on either side T^diich 
correspond to P and R branches. (2) The bands having resolved P 
and R branches with strong and sharper Q branch than those of first 


i»The PR spacings were calculated using the formulas given by R.M. Badger 
and L.R. Zumwalt, J. Chem. Phys., 6, 711 (l938) and W»A. Seth^Paul 
and G. Dijkstra %)ectrochim. Acta, 25, 2861 (l967) . 
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type. This difference in the expected and observed shapes of band 
contours rules out the possibility of this structure - 

One is then left -with the other possible configuration of the 
molecule with •6=0°, As pointed out earlier, the lone padr interac- 
tions of oxygen atoms are likely to twist the t-wo 0-0 bonds, thus 
making the configuration -with 0 exactly equal to 0° unstable. Since 
no structural data are available for IMP the angle of t-wist is not 
known a priori, but the plot in Pig. 4.7 suggests that this has to be 
very small (9 if the molecule is to have an approximate symmetric 

top structure. The shapes and PR separations of the bands may then be 
calcTolated for TT conformation and -used for assignment purposes. The 
calculations for this configui^tion show that the parallel bands 
should appear with P and R branches closer than the perpendicular 
bands ( AVCpr) ^s.13 cm”^, A / (PR)X 20 cm”^) and show a more 
distinct central peak. The observed shapes of the band contours 
closely resemble these calc-ulated ones \jhich clearly indicates that 
the molecule assumes a structure very near to TT conformation. 

For this twisted TT conformation (GG) the molecule can have 
at the most two fold symmetry axis as an element of symmetry and hence 
belongs to the 0^ point group. Under this symmetiy the fundamental 
modes of vibration divide as 

r., = 26 a + 25 b. 


*The PR spacing s were calculated using the formulas given by 
S.L. Gerhard and D.M. Dennison, Phys. Rev., 197 (1953) and 
W.A, Seth-Paul and G. Dijkstra, Spectrochim. Acta, 25, 2861 (l967) . 
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all vibrations being active in both the infrared and Raman, with 
the type a modes being polarized in the latter. The a type modes 
should give rise to perpendicular bands in infrared vapour whereas, 
type b modes may arise as parallel or perpendicular bands. 

The following assignments have been cairied out on the basis 
of Cg symmetry for the molectile. 


AS3IGMMT OF Fll'DMSKTALS 


C-H Stretchings 


The twelve active G-H stretching vibrations are expected to 

-1 

fall in the region 2800-3050 cm . Several overtones and combination 
bands of the GH^ bending modes may also lie in this region and appear 
with enhanced intensity due to the Fermi resonance with the nearby 
C-H stretching fundamentals. An unambigous assignment of the G-H 
stretching modes is, therefore, a bit difficult. The infrared bands 
concerned with the modes are expected to be weaker than those 

. 3 g 

arising due to the vibrations . Therefore, the strong infrared 

-1 ^ -1 
band at 2991 cm in liquid and the corresponding depolarized 2994 cm 

Raman band have been associated with the four modes 

and '^ 23 * The corresponding gaseovis band contour seems to be of 

parallel type in nature mth its central peak at 3002 cm”^. The shaip 

-1 • 

peak at 2999 cm in gaseous infrared on the lower frequency side of 

■ -1 ■ • 

the Q branch at 3002 cm , is probably a hot band. The relatively 


weak infrared band at 2954 cm may then be attributed to the 


y. y. y. 


a^m. CH, 


vibrations and 


Its Raman coxmteipart appears as 
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—1 

polarized Raman band at 2944 cm . The perpendicular band at 2857 cm 

-1 

in gaseous infrared and the polarized Raman band at 2830 cm may be 

assigned to the V vibrations X. and by correlation with 

sym.uuiig 6 o2 ^ j 

other oxygenated compounds^. The X „„ vibrations and 

sym«on„ b ol 

have been placed at 2908 cm in the infrared spectrum of liquid. The 

corresponding Raman band .is not well resolved and appears as a broad 

—1 

shoulder idiose center may be approximately taken at 2910 cm . 

CHj Deformations 

The twelve modes conventionally described as GH^ deformations 

-I 

may occur in the region 1350-1500 cm • As the symmetric OH deforma- 

tion modes of methoxy group also generally lie above 1400 cm j tho 

region 1400-1500 cm ^ may contain the bands arising due to nnu » 

sym.ubiig' 

S non aiid 0X1 vibrations. Pour bands have been observed 

asym.UuHg asym.Uilg 

in this region in solid and vapour spectra of IMP but liquid spect.rum 
shows only three bands. Since the two methoxy groups are sufficiently 
separated from each other, the deformation modes of one group may not 
be much coxgjled with the other. Thus 0„ 
of both the groups should have nearly the same frequency as the corres- 
ponding modes of the individual methoxy groups. Therefore, the bands 
at 1480 and 1476 cm”^ appearing as shoulder in both infrared and Raman 
respectively have been attributed to the 

and The above assignments have been made in analogy with 


r,nu nnti M^Odes 

syiii«0CH^ Q.syiii»0GH^ 


33 


dimethoxy and trimethoxy methanes^’^. The qqU modes 

T)e associated with the 1436. cm ^ infrared band in the liqixid 
phase. No Raman counteiparb is available for this infrared band. The 
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—1 

remaining two bands at 1458 and 1468 cm in infrared spectrum of solid 

may then be assigned to the qjj modes ^ 55 ^ ^56 

respectively. The modes may be safely placed at 1374 and 

-1 . . ^ 

1379 cm in infrared spectrum of liquid. The higher frequency component 

has been ascribed to 5 mode and the low frequency one to 

sym.uiig !<; 


^38 ■with propane where the corresponding modes were found 

-1 7 

at 1385 and 1370 cm respectively . This splitting of symmetric and 
asymmetric modes is probably due to the interaction between the modes 
of the individual methyl groups. 


CHg Rockings 

The 1 ^ vibrations, highly mixed with the skeletal modes 

^ -1 
generally fall in the complex region 1150 - 1250 cm , which may also 

contain bands associated with qjj , a^rd ^_q modes. This makes 

3 

the assignment of the Individual modes somewhat difficult. The four 

-1 

solid phase infrared bands at 1287, 1264, 1241 and 1215 cm may be 

taken for the /^OCH . The Raman spectrum shows two depola- 

^ -I -1 

rised bands at 1265 and 1221 cm corresponding to the 1264 and 1215 cm 


infrared bands and they are probably associated with the 'b type ^ 


and 


OCH, 


vibrations and - ^ 


respectively. The ir band in vapour phase 
-1 

with its centre at 1222 cm appears to be of perpendicular type in 

-1 

nature whereas, the other band at 1260 cm does not show ary clear 


structure. The remaining two infrared bands without ary Raman counter- 


parts are then assigned to the Pqqjj modes and The liquid 

and vapoiir spectra do not clearly indicate any band corresponding to 
the 1241 cm solid state band, probably because of the broadness of the 
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bands . But this band separates out in solid state due to the sharpening 
of the bands at low ten^jerat'ures. 


The solid phase infrared bands at 1192 and 1174 cm"* have been 

attributed to the vibrations and respectively in analogy 

7^-1 

with propane . The 1192 can band is absent in fluid phase spectra. 

The ^ vibration has been assigned to the 926 cnT^ infrared 

band showing peipendicular behaviour in vapour phase. Its Raman 

-1 

counterpart appears as depolarized band at 934 cm . The remaining 
mode be ascribed to the 990 cm ^ infrared band with its Raman 

counterpart at 996 cm . The vapour phase contour soems to be of 
perpendicular type with its Q branch at 985 cm . This completes the 
assignment of eight rocking models -sociated with CH^ and OGH^ groups. 


Skeletal Modes 

Once the assignment of GHg rockings is over, it is easy to 

pick out the skeletal modes. The modes may not be sufficiently 

split due to the smaller coupling of individual stretchings of the 

0-GHg bonds. Therefore, they have been assigned coincidently to the 

-1 

strong and broad 1056 cm infrared band with Raman counterpart at 

-1 

1056 cm . However, the solid spectrum shows two bands at 1044 and 

1052 cm~^, the latter appearing as shoulder and may correspond to a 

and vibrations of . The gaseous infrared band seems to be 

of perpendicular type mth its Q branch at 1066 cm . The four 

stretching modes of skeleton cannot be specifically assigned 

■ 0 0 

to individual bands as they will be highly mixed due to their close 
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proximity. What follows is an approximate description of these 
vibrations. Four prominent bands are available which may be associated 

with these vibrations. The depolarized Raman bands at 1148 and 855 cm ^ 

—1 

corresponding to the 1145 and 828 cm infrared bands have been selected 
for the b type vibrations and respectively. The lower 

frequency band shows parallel type nature in gaseous infrared, whereas 
the higher one does not indicate any clear structure. SFow it is 
natural to assign the two polarized Raman bands at 1082 and 735 cm”"^ 
to the symmetric stretching modes .ind respectively. The 

corresponding infrared bands appear as perpendicular type in vapour 
spectrum with central peaks at 1086 and 727 cm”^ respectively. 


As the two GOG bending modes are likely to fall quite near 

to each other due to smaller coupling of individual COG bending modes, 

the modes and have been associated with the polarized and 

depolarized Raman bands at 582 and 550 cm orespectively. These bands 

show clear stincture in gas phase and appear as perpendicular and 

parallel bands with Q branches at 576 and 546 cm respectively. The 

-1 

polarized Raman band at 400 cm and the corresponding perpendicular 
band in infrared at 395 cm ^ may be attributed to the ^qq mode )^, 


21 


in analogy xjith propane where the corresponding vibration has been 
-l'^ 


The 


ggQ modes and are located at 


placed at 375 cm 

—1 ^ 
416 and 556 cm i^spectively -vdiich appear as parallel and peipendi- 

cular bands in the vapour phase specturm. The corresponding Raman 

bands are observed at 426 and 366 cm"^, both being depolarized. Tte 

mode may be placed at 318 cm“^ in infrared spectrum of 
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liquid whose H&man counterpart is not available and the vapour phase 
spectrum indicates it to be probably of perpendicular type. 

Torsional jyfodes 

-"1 

The torsional frequencies are expected to fall belovr 300 cm 

and may appear as weak bands in infrared and Raman spectra. This 

region may also contain the difference tones of fundamentals discussed 

above. Therefore, the assignment of torsional modes is highly ambigiiouj3. 

—1 

Two broad Raman bands are observed at 266 and 138 cm and appear to 
be polarized and depolarized respectively. The higher frequency band 
Uith its infrared counteipart at 280 cm~^ has been tentatively selected 
for the twisting mode ^g5* The remaining 138 cm”^ band mey be asso- 
ciated with GHj-O torsional modes 
available, the assignment of the remaining torsional modes could not 
be made . . 

Overtones and Combination Bands 

In addition to the bands assigned above, there are some more 
bands in the spectra of DMP idiich have not been explained so far. 

These bands could be satisfactorily assigned as combinations or overtones 
of fundamentals discussed above. Their assignments do not need much 
discussion and have been listed in the Table 4,3 .^^^ ^ 




26 


and 




As no other bands are 
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TABLE 4.1 

The Molecular Parameters of the Three Configurations of g,2-dinie- 
thoxy propane Corresponding to Dihedral Angle 0=0°, 90° and 120°. 


Species 

O 

o 

11 

CD 

CD 

11 

CD 

O 

O 

® = 120° 

la (a.m.u. - A°2) 

109.7 

179.5 

147.7 

Ib (a.m.u. - A°^) 

276,6 

180.7 

204.1 

Ic (a.m,u. - A°2) 

279.5 

251.4 

240.9 

p"*. A-G 

1 “ B 

1.53 

0.29 

0.53 

r _ 2B-A-C 

A-C 

-0.981 

+0.954 

-0.428 

A (PR) type 

-1 

13 cm 

18 cm*”^ 

^19 cm”^ 
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TiBIE 4.2 

Description, Spmet 37 and Activity of the Normal 


Modes of Vibration of 

2,2-Dim6thoxy 

propane . 


Approximate description 


a 

b 

CHg vibrations 

OCHg vibrations 

Skeletal 

(R(p) ,i.r.) 

(R(dp) ,i.r.) 

1 

2 ' 

5 

4 

5 


G-H st. (asym.) 


y,,y 

r 2 

]/ V 

y^27» 28 

C-H st . (asym.) 



y 

^5^ 4 

^9’ ^30 

C-H st. (sym.) 




4l 


G-H st. (sym.) 


y / 

8 

^5Z 


CHg def. (asym.) 


34 

CHg def. (asym.) 



^9’ ^10 

1 



CHg def. (sym.) 


4 

4? 

GHg def. (sym.) 

GHg rock. 


^14 

y y 

39" 40 

CHg rock. 


C-0 st. 

4 

y 

^41 

4 ; 

OHg rook . 


HgG-0 st. 

y 

\7 

■' ) . ■■■ 

y 

y^is 

/ 

44 



Q-0 st. . 

4.9 

■ 42 



COG bend. 

y 

^20 

1 

46 



OGC bend. 

4 

V 




Qjj rock. 

CO 



OGO bend. 

^zz 



Contd. 
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table 4.2 (contd.) 


1 

2 

3 


4 

5 ' 


OHg tors . 


V 

' 2.3 


y 

4@ 

GHj tors. 


Skeletal 

twist. 

■^24 

^25 


4 



C-0 tors 

y 

2S 


y 

51 


Abbreviations : st. = stretching, def. = deformation, rock, = rocking, 
bend, = bending, tors. = torsion, tx«.st, = twisting, 
asym. = asynmetric, sym, = symmetric. 
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TiffiLE 4.3 


Infrared and Raman Spectra of 2, S-Dimethosy propane 



Infrared Spectnmi 



Raman Spectrtnri 

Assignment 

JAjmid 

Vapoin* 

Solid 



Liquid 


cm ^ 

Int. 

cm ^ 


type 

-1 

- cm 

int. 

-1 

cm 

int. 

depol. 


1 

2 

3 


4 

5 

'6 

7 

8 

9 

10 








138 

m,br 

dp 

^6' ^1 

280 

ww 




280 

vw 

266 

mjbr 

P 

>^25 

318 

w 

305' 
312 
320 , 



325 

w 




^2 

361 

■W 

348 ■ 
356 
366 i 

[ 

( 

1 

367 

mw 

366 

w 

dp 


398 


387 ' 

395 

401 

1 

f 

i 

397 

mw 

400 

m 

P 

4 

422 

rm 

408^ 
416 
426 i 

r 

li 

426 

mv 

426 

w 

dp 

y„ 

47 

548 

m 

536- 

546 

553 

[ 

11 

549 

m 

550 

m 

dp 

y 

46 

580 

mw 

5671 

576 

5821 

J 

1 

1, 

r 

[ 

1 

582 

w 

582 

s 

P 

y 

^20 

730 

■; yf 

717' 

727 

732 


i 

727 

¥W 

735 

YB 

P 

4 

828 

s 

826' 

832 

839 

*>( 

11 

828 

s 

835 


dp 

4 


Contd 
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Table 4.5 (contd.) 


1 

2 

3 

4 

5 

6 

7 

8 

9 

929 

u 

917 'i 
926 
933 1 

^ 1 

932 

m 

934 

m 

dp 

990 

w 

973 1 

985 

992 I 
/ 


993 

m 

996 

w 


1056 

vs 

1057 1 
1066 
1072 J 

1 i 

i 

1044) 

1052J 

vs 

1056 

w 

dp 



■N 







1081 

s 

1086 

1094 

J 

y 1.? 

1076 

s 

1082 

m 

P 

1116 

SK 



1114 

vw 




1145 

ms 

11461 
1157 j 

J 


1144 

s 

1148 

w,br 

dp 

1180 

s 

1180 1 
1187 
1192 1 

■J 


1174 

s 

1194 

¥ 

P 





1192 

sh 




1217 

s 

1216 1 
1222 J 

1230 ! 

[ ^ 

1215. 

s 

1221 

¥ 

dp 





1241 

sh 




1262 

m 

1260 


1264 

s 

1265, 

¥ 

dp 

1283 

\' Bh ' 

1508 ‘j 


1287 

sh 




1374 


1376 

' II 

1373 

s 




1379 

' sh 

1385 j 


1582 

s 





10 





y 


15 

4 

4 

4 

4 

4 


y 


38 


y 


12 


Contd 
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table 4.3 (contd.) 


1 

2 

3 

4 

5 

6 

7 

8 

' 9 

10 

1436 

sh 

1439 

sh 

1454 

w 




>■ 11 - 4 



1451 

sh 

1458 

sh 




^9’ ^0 

1463 

m 

146ll 

1469 

1476 1 
/ 

1 

1468 

s 

1450 

s,br 

dp 

y y 

"^ 35 *^ 36 

1480 

sh 

1483 

sh 

1477 

s 

1476 

sh 


y y y y 

' 7 * 8’ 33» 34 

2827 

s 

2830) 
2837 / 
2844 j 

. 1 

2832 

s 

2830 

m 

P 

y y 

^6’ "^32 

2888 

sh 



2873 

sh 




(F.R.) 





2896 

sh 




gxVg (F,R.) 

2908 

sh 

2919 

? 

2907 

sh 

2910 

sh,br 

P 

^»y3i 

2942 

m 



2942 

m 




Sxy^g (F.R.) 

2954 

m 

2955 

? 

2956 

s 

2944 

s 

P 

y y y y 

4’^4» 29* 50 



2992^ 

2999 







y + y - y 

^28 48 48 

2991 

s 

5002 


2982 

s 

2994 

m 

dp 

^ 1 ’ ^ 2 * 2T 28 



5010 


2995 

sh 




+ >^4g 

Abrieviations : w 

■ = vieak, 

m = medium, 

r S = 

strong, 

vw = 

■very weak. 



wv = very very -weak. 

VS = 

= very strong, 

» mw 

= medium weak. 


ms = medium strong, br = broad, sh = shotilder, p = polarized, 
dp = depolarized and F.R. = Feimi i*esonance. 




nm 



Pig.i.Kb) 













4 3 
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CH/iPTER V 

viBRi^ioma. spE(^Kii Mii 

ISOMERISM OF 14 , 1 -TRIMErHOXr ETHi^KE 

IBSTRAGT 

The liqiiid, vapour and solid state Infrared spectra 

of 1,1,1-trimethoxy ethane were recorded in the region 250-4000 
-1 

cm . The laser-Raman spectrum with qualitative depolarization 
data was obtained for liquid only. The spectra show that there 
are atleast two rotational isomers present in the liquid phase. 
The temperature dependence of the band intensities confirms the 
presence of rotational Isomers. The solution spectra reveal 
that the less polar form is the more stable form in the liquid 
state. In vapour phase the molecule seems to possess a single 
configuration Gauche-Gauche-Gauche (GGG), other forni(s) being 
almost absent. In solid state at low temperature the same 
configuration (GGG) gets stablized. A vibrational assignment 
has been attempted for the observed infrared and Raman bands. 
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iktrodugtiok 

The infrared spectrum of Ijljl-trimethoxy ethane (TME) has 
been reported by Kukada in LiF and NaCl regions^ and a partial assign- 
ment of the bands based on the solution spectra has been presented. 

The assignment is, however, by no means complete because of two reasons: 
Firstly the molecule is expected to exhibit rotational isomerism and 
thei«fore, the fluid phase spectrum may be quite complicated due to 
the presence of the bands associated xhLth different isomers. Secondl^V 
Nukada's investigations do not include Raman data and hence the 
structural information is not available. Though partial Raman spectrum 

p 

of TME molecule has been reported by Braun and coworkers , no vibrational 
assignment was attempted by them. Mo other structural determinations 
seem to have been made for this molecule-. Keeping in view the above 
mentioned facts, it was thought necessary to make a systematic study 
of the vibrational spectra of this molecule. We have studied the 
infrared spectra of this molecule in liquid, vapour and solid phases. 

The conformational equilibrium in this molecule is further stxxiled 
in different solvents. The laser-Raman spectrum is photoelectrically 
recorded and qualitative depolarization ratios are determined in liquid 
phase. 

The data are consistent with the co-existence of two rotational 
isomers in the liquid phase and only one isomer in the vapour and 
solid phases. 
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experimmtat, 


The coEipoxmd studied 


led prior to use. 


was a commercial material and was distil- 


The liquid phase spectrum was recorded by sandwiching a 
quantity of the liquid betuean tw CsBr plates. A part of the pure 
liquid phase spectrum and the spectra in 001^ and OHOl^ solutions 
studied using .0S5 ™ thick fixed cell. The solid phase spectrum 
»as recorded „ith the help of a lo„ temparatuie cell. The initial 
deposit uas properly annealed by uarming and recooling of the film 


several times but ne "crystalline peaks" appeared. Thus, in spite 
of annealing it seems that TME „as completely or partially an amoxphous 
glass. The infrared spectra of liquid, vapour and solid phases are 
she™ in Figs. 5.1, 5.2 and 5.3 respectively. 

tub Reman spectrum of liquid only „as recorded and is shorn 
in Pig. 5.4. 

The details of tha instruments used and experimental prooe- 
dure are given in Chapter II. 

The infrared and Raman frequencies together with their 
assignments are listed in Table 5 . 3 . 

DISOUSSIQW 

The l,i,i-trimeth 03 (y ethane (TME) molecule may, in principle 
exist in twenty seven configurations due to the internal rotation about 
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each of the three G-0 Me bonds. However, several of them are 
spectroscopically indistinguishable. The spectroscopically distinct 
conformations are TIT, TTG, TGG, TGG', TG’G, GGG and GGG' (Fig. 5,5). 
The letters T and G denote the trans or gauche configurations about 
ary C-0 Me bond with respect to the 'GHg group. G' also denotes the 
gauche configuration but with rotation in the opposite sense to G. 

The steric interactions between the methyl groups do not favour TTT, 
TTG, TG'G and GGG* as the low energy conformations and hence these 
forms need not be considered seriously as the likely isomers. The 
TGG, TGG* and GGG forms could then be taken as the -probable configu- 
rations of TME molecule. 

The GGG form of the molecule belongs to point group 

symmetry and hence the fifty four fundamental modes will devide as 

r"* ., = 18 a + 18 e 
’ vib ■” ~ 

both the a and e vibrations will be infrared and Raman active, the 

former appearing as polarized bands in the Raman spectrum. The 
^ 3 

calculations of the Gerhard and Dennison parameter gives .362 

and hence the infrared vapour phase spectrum should show two types of 

bands, parallel type bands with a strong Q branch and a PR separation ’ 

-1 

of 17 cm and perpendicular type bands with a medium weak Q branch 

-1 

and a PR spacing of 14 cm . 

The TGG configuration belongs to G^^ point group as there is 
no element of symmetiy in this case. All the fifty four fundamCTital 

»The calculation of the Gerhard and Dennison or Badger and Zumwalt 
parameters was done using the ^tational constants given in Table 5.1 
which were obtained assuming rQ__Q =1.44 ^C-C ^ .54Aand all angles 
tetrahedral. 
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modes will be infrared and Raman active with all Ranan bands being 

5 

polarized. The calculation of the Badger and Zumwalt parameters gives 

iC = -0.165 and = *514 and hence the infrared spectrum of the 

gas should show three types of band contours, the A type contours 

having a medium Q branch with a PR spacing * of ~14 cm , the B 

type contours having a PQ(3R type structure with a PR spacing of 
"•I "“i 

~-10 cm and 4 1^(QQ) ^2.5 cm and the C type bands having a strong 
Q branch with a PR spacing of ~21 cm . 

The. TOG’ form should ideally have a plane of symmetry (C 

s 

point group) and hence it should possess 30 a' and 24 a” type of 

vibrations the latter appearing as depolarized bands in the Raman 

spectrum. However, the lone pair interactions of the oxygen atoms 

may twist the two OGH^ groups in opposite senses and thus destrcy the 

G symmetry of the molecule. The molecule would then belong to 0. 

symmetry and all fifty four modes would be infrared and Raman active. 

All the Raman lines would appear as polarized bands. The Badger and 

Zumwalt parameters for this configuration are IC. = - 0.429 and p'* = .784 

and hence the infrared spectrum of the gas should exhibit three types 

of band contours'; type A should have a strong Q branch with a PR 
4 5 -1 

separation * of .^14 cm , type B bands should appear with a PR 

-1 

separation of ^10 cm and possibly PQQR type structure having 

/I j) (QQ) r-v-' 6 cm”^ and the C type contours should show a medium Q branch 

with ^^20 cm separation between P and R branches. 

The description of vibrations under the different point group 
synmetries is given in Table 5.2. ^ ^ 
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A close study of the gaseous infrared band contours reveals 
that the shape of the band contours is essentially of the type expected 
for GGG configuration vjhich indicates that this fonn of the molecule is 
predominant in the vapour phase. 

The interpretation of the vibrational spectra of TME can be 
carried out only when the bands due to different isomers could be 
separated. The method which has been successfully employed for mapy 
coEpounds, is to observe the solid state spectrum, as only one of the 
isomers is expected to crystallize in the lattice. The solid phase 
spectrum is not very much different from fluid phase spectra in the 
region of CHg group vibrations except for a few changes in the intensity 
of bands. However, in the skeletal frequency region certain bands 
disappear on solidification. The bands appearing at 480 and 745 cm 
in the liquid phase are not observed in the solid state spectrum. This 
behaviour indicates that more than one rotational isomers are present 
in the liquid state and one of them gets stablized in the solid state 
at low temperatures. 

It may be seen by comparing the liquid and vapour phase spectra 

that the band corresponding to the liquid state band at 480 cm ^ is 

missing in the vapour phase spectrum. However, it is difficult to 

predict ’idiether the band corresponding to the weak sho-dLder at 745 cm ^ 

in the liquid phase is present or absent in the vapour phase as the 

band to which it appears as a shoulder in liquid phase is very weak and 

further, it gets broadened in the vapour phase. The disappearance of 
—1 

the 480 cm band probably indicates that the concentration of one 
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rotational isoiaer dooreases considerably -upon vaponrization, 
almost to the point of being negligible . 

The temperatttre dependence of the pair of bands at 480 and 
516 cm in liquid phase demonsti^tes convincingHy that TME molecule 
exists as a mixture of at least two rotational isomers in the liquid 
phase. As the temperatiu'e is lovered the intensity of the low fre- 
quency coB^Jonent of the doublet increases markedly. This behaviour 
indicates that those bards are due to ti<ro different conformations 
of the m.oleeule. 

In order to determine the relative polarities of the two forms, 

infrared spectra of TME in carbon tetrachloride and chloroform solutions 

were studied. The pair of bands at 516 and 480 cm""^ was chosen for 

^516 
^480 

considerably in carbon tetrachloride solution, diereas an increase in 
the relative intensiiy is observed in chloroform solution. This means 
that the band at 516 cm”^ is due to more polar form of the molecule. 

The fact that 516 cm band is present in the solid state spectrum 
suggests that the more polar form is the one present in the solid 
state. 

The point groigj symmetry of TME will be 0^ if it assumes GGG- 
configuration and if it assumes ary of the configurations TGG and 
TGG’. For the puiTpos® con^jarison, the e type modes in symmetry 
should be viewed as a type modes under symmetry (each e mode will 
correspond to two a type of modes) . But a type modes transform to a 
type of modes only,T<rfien the symmetry is lowered from to G^. 



this purpose * Relative intensity of this pair | 
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As discussed earlier, the molecule probably assumes a single 
configuration in the vapour and solid phases, whereas in the liquid state 
it exists as a mixture of two rotational isomers. The infrared band 
contours suggest that the probable form of the molecule in the vapour 
phase is GGG (Cg symmetry). The Raman depolarization data (as many 
depolarized R&man bands are present) and the number of infrared and 
Raman bands also favour this configuration. The presence of two 
rotational Isomers in the liqioid phase (one having vsymmetry and the 
other having symmetry) makes the depolarization data 'unreliable for 
the assignment p-urposes. This is because of the sinple reason that though 
a vibration belonging to e specie under symmetry is expected to 
appear as depolarized band in the Raman spectrum, it may appear as 
polarized band if another isomer with 0^ symmetry is present as its a 
type of vibrations may o-verlap ■with e type -vibrations in cases when 
the bands due to two isomers are not s?|parated. 


Assignment of Fundamentals 


CH Stretchings 

The CH stretching vibrations associated -with the CH^O and GH^C 
groups are expected to be in the region 2800 - 3050 cm . It may not be 
unreasonable to suppose that the three GH^ groups connected to the 
oxygen atom do rx>t couple with each other as they are separated by O-C-0 
group, so, one may expect that the nine CH stretching modes would occur 
at the corresponding frequencies of the individual CH^ group. This 
region may also contain overtones and combinations of the defoimation 
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Raman co-unteipart of this infrared band is not available -which is gene- 
rally the case for this vibration. Two more infrared bands are available 

in the expected range for GHg deformation modes. They are observed at 

-1 -1 

1452 and 1472 cm . The band at 1452 cm could be assigned to the 

unsymmetric CHgO deformation mode in analogy with the assignments for 

8 

dimethyl ether and 1 , 2-dimethoxy ethane where the unsymmetidc defor- 
mation mode is assigned at lower freqxBncy than the symmetric mode. 

The -unsymmetric GOHg and symmetric OCHg deformation vibrations are yet 
to be assigned and only one infrared band at 1472 cm”^ is available. 
Ho-wever, the Raman spectrum shows two bands near here, one at 1460 cm ^ 
and the other at 1470 cm the latter appearing as shoulder to the 
former one . It is quite probable that these bands overlap in the infrared 

spectrum but get separated in the Raman spectrum. The depolarized Raman 

“1 -1 

band at 1460 cm and the band at 1470 cm have been chosen for the 
unsymmetric OGH^ deformation and symmetric OCH^ defoimation modes, 
respectively. 

GHg Rockings 

The region 1100-1200 cm~^ may be highly overlapped because both 
the G-0 stretching and CH^O rocking vibrations are ex 5 )ected to fall in 
this region. There are certain intensity changes in the infi*ared bands 
while going from liquid to solid phase. However, there is not much 

change in the liquid and vapour phase spectra. The infrared band at 

—1 —1 
1255 cm and the depolarized Raman band at 1245 cm are assigned to 

^ ■ -1 

the metho3cy 3rocking mode. The liquid phase infrared band at 1244. cm 
is slightly asymmetric and the solid phase spectrum shows two peaks near 
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here at 1240 and 1250 cm The appearance of the new hand may be 

due to the shaipening of the bands at low teE^jeratiores. These bands have 

been assigned to OCHg rocking modes. The infrared band at 1222 cm**^ 

-1 

and the polarized Raman band at 1200 cm may be attributed to the 
symmetric CH^O rocking mode in analogy with trlmethoxy methane where 
the corresponding mode has been placed at 1237 cm . The r®naining un- 
-syrametric GH^O rocking mode has been placed at 1182 cm ^ in the infrared 
spectrum. The Raman counterpart of this band is observed at 117 ^ cm”^ 

and seems to be depolarized. The unsymmetric- CE^C rocking mode. may be 

-1 

ascribed to the pejrpendicular type infrared band at 1136 cm and the 
depolarized Raman band at 1115 cm . This completes the assignment of. 
the five active rocking vibrations of the methoxy and metlyl groups. 

Skeletal Modes 

Once the assignment of the fundamental modes related to the OHg 

groups of the molecule is achieved, it becomes possible to assign the 

—1 

skeletal modes of vibration. The perpendicular band at 1155 cm in the 
infrared and the depolarized Raman band at 1152 cm have been assigned 
to the u.reymmetric G-O stretching vibration. The sjnmnetric part of this, 
vibration may be assigned with consider^eble certainty to the weak 

infrared band at 736 cm”^ and very strong polarized Raman band at 

“1 

738 cm . The unsymmetric and symmetric GH^-O stretching vibrations are 
expected to show a little splitting because of the smaller co-ugjling 
of these vibrations. Therefore, the close bands at 1069 and 1058 cm”^ 
have been assigned to the symmetricand unsymme trie vibrations respectively. 
The above assignment is based on the shape of the infrared band contours. 
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The Raman spectrum however, shows one broad band at 1048 and seems 

to be polarized. The assignment of the C-C stretching mode is still left. 
The infrared band at 893 cm which appears to be parallel type in nature 
and the polarized Raman band at 891 cm have been attributed to the G-G 
stretching vibration. 

The assignment of the skeletal bending modes seems to be little 
difficult. Two symmetric and three unssnnme trie bending vibrations are 
expected to fall in the region 650-300 cn'"^. In this region, only one 
band which lies at 560 cm ^ appears to be depolarized in the Raman 
spectrura while the rest of the bands are clearly polarized. However, 
Raman depolarization- data can not always be a definite proof for the 
band assignment. So, some of these bands have to be assigned to the 
unsynmetric modes. The assignment of these bands may be guided by the 
intensity of the bands in the infrared and Raman spectra. A further 

help may be taken by looking at the spectra of similar molecules like 

8 9 

1,2-dimethoxy ethane , trimethoxy methane and tetranethoxy methane . 

The infrared bands at 625 and 518 cm"*^ my be chosen for the unsymmetric 

and symmetric OCO bending vibrations respectively. The shape of the 

vapour phase inf rared band contour for 518 cm band resembles the shape 

of parallel type band expected for this molecule. The corresponding 

Raman bands are observed at 621 and 519 cm"^ respectively. The depola- 

-1 

rised Raman band at 560 cm and the corresponding infreired band at 
559 cm may be arising due to OCG rocking mode. The close doublet at 
412 and 385 cm*"^ in the solid state spectium probably owes its existence 
to the unsymmetric and symmetric GOG bending vibrations. The liquid 
phase infrared spectrum shows the lower frequency ccmponent as a shoulder 



108 


but it beccraes quite clear in solid phase due to the sharpening of bands 
at low temperatures. The observed small splitting between the unsymme- 
tric and symmetric GOG bending modes is in accordance with the fact 
that the individual bending vibrations may not be much coupled i«dth each 
other. 

Torsional Modes 

The assignment of torsional modes is highly ambiguous because 
of the reason that many difference bands may as well fall in the region 
of torsional modes. Three bands are obsemred in the Raman spectrum 

at 315, 235 and 140 cm’”^ whereas in total we have to assign five 

-1 . 

torsional modes. The bands at 315 and 235 cm are in the proximity 

of the expected frequencies for the and GCHg torsional modes. The 

band at 315 cm"^ may be chosen for the torsional vibration and the 

remaining one at 235 cmi may be ascribed to the OCi^ torsional modes. 

The symmetric and unsymmetric torsional nodes may not show much splitting 

■"1 

and hence they may be assigned to the sane band (235 cm ). Is the 
bands which could be assigned to the skeletal torsions are not avialble, 
their assignments have not been attempted. ' 

All the other bands could be satisfactorily in'terpreted as 
overtone or combination bands. Their assignments have been listed in 


Table 5.3. 
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TABLE 5.1 

Moleciilar Parameters of l,l,l-Trimethox3r ethane 


Molecular configurations 



TGG 

TOG' 

GGG 

(amu-A 

189.33 

163.81 

215.69 

Ig (amu-A - 

246.06 

255.59 

215.69 

Iq (amu-A 

313.27 

329.32 

537.98 

A (cm 

.0890 

.1028 

.0781 

B (cm 

.0684 

.0659 

.0781 

G (cm“^) 

.0538 

.0511 

.0498 
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TABLE 5.2 

Description and ^rmiiaetry of the lomal Modes of Vibration of 
Ijljl-Trimethoxy ethane Moleciile Under the Point Groups and C^‘ 


Syimaetiy species 

<=1 


Approxiciate description 

1 2 

3 

4 

5 

6 


[“A 

cnp- 

st. 

(uns;^L ) 


^2 

0H3O 

st . 

(unsym.) 



CH3G 

s*fc • 




CH3O 

st. 

(sym.) 



- CH„0 

0 

def . 

(sym.) 


>^6 

GH„0 

0 

def. 

(unsym.) 



OHjO 

def. 

(unsyn.) 



CH3C 

def. 




GI^O 

rock. 


a a ' 






^10 

0 

0 

rock. 


i 

i 

Ai 

H3G-O 

st • 



y 

>^19 

H3G-G 

st. 



Vis 

G -0 

st 



^4 

000 

def. 



■^15 

GOG 

def. 



Ae 

GGH^ 

0 

tors . 


1 

^17 

OGHg 

tors . 



^18 

0-GH„ 

....... 0 

tors. 





Gontd 
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Table 5.2 (contd.) 
1 2 


2a 






3 

4 

5 

6 

CD 

GH3C 

st. 


^20 

0H„O 

0 

st* 

(unsym.) 

-^21 

0H3O 

st. 

(unsym.) 

4 ' 

0H3O 

st . 

(sym.) 

to 

CH3O 

def. 

(sym.) 

^24 

CI^G 

def. 


4 

CH30 

def. 

(unsym.) 


GH30 

def. 

(unsym.) 


CH3O 

rock. 


^28 

CI^O 

rock.- 


^29 

C-0 

st. 

A 

^30 

GH30 

rock. 


^31 

■ H3C-0 

st. 


y 

^32 

000 

def . 


^33 

OGC 

rock. 


^4 

COG 

def. 


^35 

OCH3 

tors. 


y 

^36 

O-CH3 

tors 



Abbreviations J st. = stretching, def. = deformation, rock. = rocking, 
tors. = torsion, sym. = symebric, unsym, = -unsyiiEietric 


^he numbering of vibrations is according to syameta^. 
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TABLE 5,3 

Infrared and Raman Spectra of Ijljl-Trimethoxy ethane 



Infrared 

, Raman effect in 

Vapour 

Llatild 

&lid .liquid . . 

cm ^ Int 

Tjpe cm ^ Int. 

~ ' ■ iis s igiinioii u 

cm” Int. cm Int. Polzn. 

1 2 

3 4 5 

6 7 8 9 10 11 









140 

br,w 

dp? 

^3- 

■^34 








235 

hr,¥ 

dp? 

OCH, 

. tors, 

1 55 

282 

W 


303 

w 

315 

w 

315 

m 

P 

CCHg 





396 

sh 

385 

w 

400 

sh 


COC 

sym.def.,>^^g 

414 

w 


411 

w 

412 

m 

415 

s 

P 

COG 

imS3rm.def . , 




480 

vw 



480 

m 

P 

OCO def. (isomer) 

510 j 

518 

524j 

i 

f ¥ 

(( 

516 

m 

523 

s 

519 

m 

P 

OCO 

sym.def, 

559 

vw 


558 

w 

561 

m 

560 

m 

dp 

OGC 

rock., 1^22 

625 

w 


625 

m 

628 

m 

621 

s 

P 

OGO 

■unsym. def • » ^ 2 

736 

vw 


736 

w 

732 

w 

738 

vs 

P 

G-0 

sym.st.,-)^g 




745 

sh 






C-0 

st. (isomer) 








848 

w 

P 

14^ 16 

893' 

900 

1 

f ^ 

(i 

890 

s 

890 

s 

891 

m 

P 

HgC-G st. , >^2 


contd. 




114 


Table 5.3 (contd.) 


_1 2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1050] 

1058 i s 

- 1 

' ' / 

1 

1040 

s 

1045 

s 




H^C-0 unsym.st.j 

1069 1 s 
10751 

11 

1053 

s 

1057 

s 

1048 

br,s 

p 

HgC-O sym.st.,>^^ 

1090 sh 


1075 

HI 

1070 

HI 

1078 

s' 

p 

H.4 ^ ^^33 

'1128^1 

1136 / m 

1145 1 

/ 

1 

1125 

HI 

1121 

s 

1115 

m 

dp? 

GHgC rock.,i^2Q 

1155 1 m 

1163 ( 

} 

i. 

1150 

HI 

1142 

s 

1152 

m 

dp? 

G— 0 st • 1 ^29 

1182 1 vs 
1187 1 


1172 

TO 

1171 

s 

1175 

m 

dp? 

GH 3 O itock., V'gg 

12151 

1222 \ m 

- 1 

{ 

}! 

1214 

m 

1212 

s 

--'1200 

m 

P 

GH 3 O rock.,>^Q 1 

1255 m 


1244 

ra 

1240 

s 

1245 

w 

dp 

GHgO rock. , 





1250 

‘ s 




GI^O rock.,yg 

13761 

138 6 > s 
139 5j 

ii 

1384 

s 

1383 

s 




CHgO def.(sym), )^q 

144ll 
1452i m 

- J 

? 

1435 

m 

1424 

m 




0H„O def. (tmsym), 

/s» >25^ >^26 

1472], m 

1481 j 

? 

1467 

m 

1472 

m 

1460 

s 

dp 

GHgC def . (unsyn) , 







1470 

sh 


GH-0 def.(sym), i 


Contd 
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Table 5.3 (contd.) 


1 

. 2_ 3 

4 

5 

6 

7 

8 

9 

10 

11 

2846 

s 

2833 

s 

2833 

W 

2838 

s 

p 

GH~0 st.(sym), 

V4- 

2923 

V 

2915 

w 

2888 


--2910 

¥ 

*p 

CHgC St., 

2958'j 
2965 V 
297SJ 

s i 

2946 

s 

2923 

¥ 

2950 

S 

p 

CHgO st.C'unsym) 

^1’ ^2’ '^20’ ^21 

'2970 

V 

2968 

w 

2963 

¥ 





3002 

s 

2998 

w 

2983 

m 

3008 

m 

dp 

GHgCst.,y^g 


Abbreviations : s = strong, m = medi-um, w = weak, vs = very strong, 
vw = very weak, sh = shoiUder, p = polarized, 
dp = depolarized, sym = symmetric and tmsym = unsymmetric. 

^he nmbering of vibrations has been given according 
to the Cg symmetry. 
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CHiSPTER VI 

VIBa/iTIONAL SPECTRA ^TD BDTiCTIONiL 
ISOMERISM OF TRIETHYUSMINE 


ABSTRACT 

The infrared spectra of triethylamine in liquid, vapour 

-1 

and solid phases -were recorded in the range 250-4000 cm and the 
laser-Ramanspectrum of liquid was investigated, together with the 
depolarization data. The presence of atleast two jrotational 
isomers is suggested in •Uie liqtiid and solid phases. However, it 
is not clear whether the molecule exists as a mixture of two 
rotational isomers or assumes a single configuration in the vapour 
phase. A vibrational assignment is atten^jted for the observed 
bands keeping in view the presence of two rotational isomei^. 
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IKTRODUCJTIOl? 


The triethylamine (TEA.) molecule has been the subject of several 

investigations from structural point of viev. Brown and coworkers * 

suggest that the stable form of the TEA molecule is the one in which two 

ethyl groi 5 )s are removed to the "rear" of the nitrogen atom and the third 

is projected in the region of the lone pair electrons of nitrogen atom. 

3 

Heasell and Lamb investigated the absorption of ultrasonic waves in 
liquid TEA over the range 25° to 70°C. The absorption results show the 
existence of an equilibrium mixtui^ of at least two rotational isomers. 
They have, however, not predicted the foim playing important part in the 
ultrasonic relaxation processes. 

The infrared and Raman spectra have been widely used, to study 

the rotational isomerism in the molecules and determine their structure . 

There does not seem to have been any infrared study in the gaseovis and 

the solid phases of this molecule though the liquid phase spectrum has 

been reported upto 650 cm • The Raman spectrum in the liquid phase 

6-8 

hdd Also' been investigated by many workers but a complete vibrational 
assignment of the bands is not attempted. It -vras therefore thought 
worthvdiile to make a systematic study of the vibrational spectrum of this 
molecule in various phases and to get information regarding its stnicture, 

EXPERIMENTAL 

The san^jle used for recording the infrared and Raman spectra was 
obtained coianercially and was distilled before use. 
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The infrared spectrum of the liquid was studied in cells having 
fixed spacers .025 hbi and .5 mm thick. The spectinm in the vapour 
phase was obtained using 10 cm and 2 cm gas cells at room temperature. 

The liquid, vapour and solid phase spectra are shown in Figs. 6.1, 6.2 
and 6.5 respectively. 

The laser Raman spectrum of liquid only was recorded and is 
shown in Fig. 6.4. The details of the experimental pirocedure and the 
instruments used are given in Chapter II. 

The results obtained are listed in Table 6.2 along with the 
frequency assignments. The Raman bands obsenred in the present woric 
along with the results of previous vrorkers are listed in Table 6.5. 

DISCUSSION 

The triethylamine molecule is a complex one. It may assume 

several confoimiations depending upon the relative orientations of tbs 

three methyl groups . This molecule may be regarded structurally similar 

to trimethylamine except that here one hydrogen atom of each metl^l 

9 

giDup is replaced by the methyl groip. Recent microwave studies of 
several isotopic species of trimetlylamine have established its structtire 
as the one in which the hydrogen atoms are in staggered position relative 
to the two Q-R bonds. One may then expect that these methyl groups 
occupy the positions of the replaced hydrogen atoms which leads to the 
conclusion that only trans or gauche confomations can exist relative 
to the lone pair electrons of the nitrogen atom. Twenty seven molecular 
conformations may be expected due to internal rotation about each of the 
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three K-Et bonds. MaEQr of them can not he spectroscopically distinguished* 
The distinguishable forms are TTT, TTG, TGG, TGG' , TG‘G, GGG and GGG' 

(Fig. 6.5). The steric considerations do rot favour the TTT, TTG, TG'G 
and GGG* as the low energy conformations. The remaining three molecular 
forms TGG, TGG' and GGG may then be considered as the probable configura- 
tions of the TEA molecule. 

The GGG conformation belongs to Gg point group synmetry, 
therefore, the sixty fundamental vibrations will divide as 

= eoa + 20 e 

both the a and e vibrations will be infrared and Raman active with the 
former appearing as polarized bands in the Raman spectrum. 

The moments of ineidiia and rotational constants of TEA were 
calculated assuming = 1.47, = 1.54 and all angles tetrahedral 

and are given in Table 6.4. , 

The calculation of the Gerhard and Dennison parameter gives 
P = _ .467 and hence the infrared gaseous spectrum is ejspected to give 
rise to two types of bands, parallel bands having a strong Q branch with 
a PR spacing of -^^19 cm and perpendicular type bands having a medium 
weak Q branch and PR spacing of 'v/ 14 cm 

The TGG conformation has no element of symmetry and hence all 
the sixty fundamental vibrations should appear in both the Raman and 
infrared spectra with all Raman bands being polarized. The 

*The PR soparations were calculated using the formulas of Gerhard and 
Dennison Phys. Rev., ^ 197 (l933) and Seth-Paul and Dijkstra, 
Spectrochim. Acta, 2861 (1967) . 
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csalculation of the Badger and Ziimwalt parameters gives |C = -0.145 and 
= .745 and henoe the infrared spectinim of the vapour may be expected 
to show three types of band contours, tsrpe A having a medium Q branch 

with a PR spacing of -~'14 cm , type B having a PQQjR type structure 

-1 

with a PR spacing of '^'11 cm and type C having a strong Q branch 

-1 

with a PR spacing of 21 cm . 

The TOG' conformation should have one plane of symmetry and 
therefore possess 52a' and 28a" type of vibrations the former appear- 
ing as polarized bands in the Raman spectrum. The Badger and Zumwalt 
parameters for the TGG' conformation arel(^-.67 and = 1.25 and hence 

the Infrared spectrum of the vapour should exhibit three types of band 

-1 

contours, type A having a PR separation of ^ 15 cm with not well 
separated P,Q and R branches, type B bands having a PR •^acture with a 
separation of ^ 10 cm*”^ and type G having a P(J1 structure with medium 
Q branch and PR separation of cm . 

A study of the Raman depolarization data indicates that quite 
a large number of Raman bands are depolarized. This is consistent with 
the presence of either GGG or TGG' (or both) forms of the molecule but 
of course does not rule out the existence of another isomer TGG. The 
inference one can draw from this datum is that either the GGG or TGG' 
or both of these forms are present in the liquid phase, the third form 
TGG may or may not be present there . 


*The PR separations were calculated using the formulas of Badger and 
Zumwalt, J. Gh®n. Phys., 6 , 711 (l938) and Seth-Paul and Dijkstra 
spectrochim. Acta, 25, 2861 (1967) . 
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A study of the infrared band contours shows that the band 
contours are mainly of the type ejcpected for the TGG’ conformation. 

This inference is based on the shape of the band contours rather than 
the PR separations as they are virtually the same for all the three 
c onf ormations . 

A comparative stui^ of the infrared spectra in the liquid and 
solid phases indicates that there are some changes in the intensity of 
the infrared bands in going from liquid to solid state. The pairs of 
bands at (737,746) cm”^ and (1137,1145) cm ^ are of special interest 
as they show a reversal in intensity of the bands in the solid phase at 
low temperature. The intensities of the higher frequency cor^jonents of 
both the doublets are ieSiS than the lower frequency components in liquid 
phase whereas, just the reverse happens in the solid phase. Their 
explanation as summation or overtone bands is not satisfactory as they are 
not likely to exhibit such a behaviour. The probable explanation seems 
to be that these pairs arise due to two different forms of the molecule 
whose relative abundances are different in the liquid and solid phases. 

It is, however, difficult to predict whether the molecule exists as a 
mixture of two rotational isomers or assumes a single configuration in 
vapour phase, the reason being that in the vapour phase infrared bands get 
resolved and the P, Q and R branches may overlap with the neaid^ bands 
thus msiking it difficult to recognise the bands separately. 

The tenperature dependence of the doublet at 737/746 cm in 

liquid phase demonstrates convincingly that TEA molecule exists as a 

mixture of two rotational isomers. As the temperature is loT^red the 

•The presence of rotational isomei^ even in solid phase was also found 
for iKsthyl nitrite (i^ectxochim, Acta, E3, 2967 (1967)). 
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intensity of the higher frequency component increases markedly relative 
to that of the louer frequency coirponent which indicates that the higher 
frequency conponent is due to the more stable form of the molecule. 

The ratio of the two isomers present should change with the • 
change of the polarity of the solvents. The ratio fcore polar)/( less polar) 
of isomera should Increase when the solvent is changed from non-polar to 
polar type. In order to study these effects, the triethyiamine was 
dissolved in the non-polar solvent carbon disulphide and polar solvent 
acetone. The band pairs at (737,746) cm and (1137,1145) cm were 
studied. ' Though the bands in these pairs are not well separated from 
each other the changes in Intensity could be seen clearly. The intensity 
of the 746 and 1145 cm”^ bands increases relative to the 737 and 1137 cm”^ 
bands respectively in the carbon disulphide solution whereas, in acetone 
solution the changes are just other way round and a decrease in the 
intensity of the bands at 746 4 1145 cm ^ is noted. This behaviour means 
that the 746 and 1145 cm ^ bands correspond to the less polar form of 
the molecule. 

As the bands due to both the molecular forms persist in the 
liquid and solid phases and the features are not very clear in the :vapour 
phase, the assignment of the bands on the basis of any particular symmetry 
of the molecule is not feasible. ¥e shall, therefore, assign a band 
to only a particular type of vibration withQout going into the details 
of the symmetry species to which it may belong. 
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Assigment of Fundamentals 

One of the basic difficulties in the assignment of GH stretching 
modes is that many absorption bands of the methyl and methylene grorgjs are 
highly overlapped. In addition to this, several combinations or overtones 
of methyl or methylene bending vibrations may give rise to strong bands 
in this region due to Fermi resonance with. OH stretching modes. The 
assignment of the fundamental modes of vibration, therefore, becomes quite 
ambiguous. 


The assignment of the GH^ stretching vibrations may be carried 

10 

out by comparison with tripropargylamine in which no CH^ group is 

present and all the bands are only due to methylene group vibrations. 

Two strong bands have been observed in the liquid phase at 2928 and 

2817 cm*”'^ and are associated with the ')^ and „„ vibrations 

asym.On„ ■ sym. OH- 
IO <: <i 

respectively . The trietiylamine molecule exhibits two infrared bands 

near these frequencies and^may be associated Tdth the CHg stretching 
vibrations. The infrared bands at 2936 and 2799 cm and the correspon- 
ding Raman bands at 2937 and 2805 cm”^ may then be assigned to 
and vibrations respectively. The roaaining two prominent 




asym.CHg 


sym.GH, 


-1 


Raman bands at 2965 and 2876 cm and the corresponding infrared bands at 

29?3 and 2875 cm ^ may be attributed to and V „ vibrations. 

asym.OHg sym.OHg 

The infrared band at 2895 cm ^ is probably a combination band and has 
borrowed the intensity from nearby fundamental due to Ffermi resonance. 

This completes the assignment of the GH stretching vibrations of metihyl 
and metlylene groups. 
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In the region of methyl and' methylene group hending vibrations, 
four bands are observed at 1384, 1451, 1468 and 1477 cm ^ in the liquid 
phase infrared spectn-im. The Raman spectrum, however, shows only two 
bands at 1377 and 1466 cm which probably correspond to 1384 and 
1468 cm"*^ infrared bands. The bands at 1468 and 1384 cm ^ may be 
associated with the asymmetric and symmetric deformation modes of the 
CHg group respectively. The remaining ones could be attributed to the 
deformation modes of the GH^ groups. 


The assignment of one of the CHg wagging modes to the strong 

infrared band at 1296 cm”^ is quite certain but the other mode has been 

— 1 . — 1 . 

tentatively placed at 1311 cm • The weak infrared band at 1268 cm in 

solid phase has been chosen for the twisting modes of the GH^ groi^is. All 
the Grip twisting modes lie-ve boon assigned coincidciitly as no other bands 
■'.a-re avrailabls in tho region of Ollg twisting vibrations. 


There is considerable overlapping of the absorption bands in uhe 
region of G-N st. , OH^ rocking and G-C stretching vibrations, thus 
rfendeiing the assignment of the bands quite difficult. Furtl^r, the 
rocking and skeletal vibrations may be highly coupled hence the bands 
cannot be associated with any particular mode of vibration. An approximate 

assignment for these bands has however, been attempted. The infraared 

-1 

bands at 1137, 1072 and 920 cm and the corresponding Raman bands at 

-1 

1141, 1065 and 922 cm have been selected for the methyl group rocking 

11 12 

modes in analogy with t~butylhalides 7 . is discussed earlier, the 

-1 

bands at 1157 and 1145 cm probably arise due to two different rotational 
isomers. Therefore, the band at 1145 cm”^ has also been attributed to the 
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f-undanental vibration but of different isoner. The 920 cm*"^ infrared 

band also has a band in its neighbourhood at 903 cm ^ which gets much 

-I 

weaker in the vapour spectrum as compared to 920 cm band. But there 
is not much change in the relative intensities of these bands in the 
solid state spectrum. This band is probably a combination band which 
appears with increased intensity due to Fermi resonance with nearby 
fundamental. 

In the region of CHg rocking vibrations, two infrared bands are 

observed at 802 and 784 cm in the liquid phase. In the solid phase, 

however, four bands appear in this region. The bands at 781 and 799 cm”^ 

in solid state seem to correspond to 784 and 802 cm ^ liquid state bands. 

-1 

The remaining two bands at 77l and 816 cm are probably some combination 
bands. They appear in the solid phase due to the sharpening of the bands 

cit low teirperature but were otherwise obscured ly nearby bands in the 

-1 

liquid phase. The bands at 784 and 802 cm may be associated with the 

CHg rocking vibrations. The Raman spectrum shows only one band at 810 

— 1 —1 
cm (vw) which may correspond to '802 cm infrared band. 

Once the assignment of the CH^ and CHg rocking modes is achieved, 
it becomes easy to attempt an assignment for the skeletal vibrations. 

In the region where G-N stretching vibrations may be expected to fall, 
close doublets are observed in both the liquid and solid phases but in 
the vapour phase spectrum only one broad band seems to be present. In 
the liquid phase the band at 1215 cm”^ appears as a shotilder to the 

1207 cm”^ band. The solid phase spectrum, however, shows two clear 

-1 ■ ' ■ 

peaks at 1202 and 1213 cm the latt or being weaker in intensity than the 
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former. Both of these bands probably arise due to the G-K stretching 

vibrations. The above assignments have been made in analogy xdth 

trimethylamine where the corresponding mode has been assigned at 
—1 13 

1270 cm in the solid phase . A little lowering in the frequency is 

e3q3ected in the case of TEA molecule because of the heavier ethyl group 

attached to the nitrogen atom as compared to the methyl grot^) in case of 

trimethylamine . The G-N stretching frequencies for etlylamlne and 

-1 14 

diethylamine molecules are observed at 1085 and 1140 cm respectively . 
We thus see that there is an increase in the frequency of this mode as 
we go from ethylamine to triethylamine . The remaining G-W stretching 
mode may be assigned at 737 cm”^ in the liquid phase. The nearby 
band at 746 cm ^ has also been assigned as G-N stretching vibration 
arising due to different isomer. 

The 0-G stretching vibrations of the three ethyl grotps may not 
be very much separated from the G-C stretching vibration of the indivi- 
dual ethyl group due to the less interaction of these vibrations. Several 
bands are observed in the infrared spectrum in the region of G-C 
stretching vibrations which makes the selection of bands arising due to 
C-G stretching modes really difficult. However, the Raman spectrum is 

somewhat simpler. The bands at 1082 and 997 cm in the Raman spectrum 

-1 

and the correspondir^ infrared bands at 1086 and 999 cm have been 

chosen for the G-C stretching modes . The infrared band at 1020 on”^ is 

probably a coidDination band appearing with enhanced intensity due to 

-1 

Fermi resonance with the nearby fundamental at 999 cm . 


1S9 


In the region of the skeletal bending vibrations four prominent 
bands are available in the inffared spectinmi of the liqmd at 554, 485, 
438 and 294 cm with the coiresponding Raman bands at 535 , 470 , 439 and 
290 cm . An unambiguous and clearcut assignment of these modes to 
some specific bending modes is not feasible as the CON and GNC bending 
modes are likely to cot^jle with each other. However, an approximate 
assignment for these bands is given here. The two bands at 534 and 485 

cm”^ are associated with the CGK bending vibrations and the remaining 

-1 

two bands at 438 and 294 cm are assigned to the CNG bending vibrations. 

The assignment of the skeletal twisting and methyl torsional 
modes is not attempted as sufficient bands are not available for 
making the assignments . In addition to this the difference bands may 
also arise in the region where the torsional modes are expected to fall. 

J^art from the bands discussed above there are some more bands 
in the infrared and Raman spectra of triethylamine molecule. These 
bands could be easily interpreted as the overtones or combinations of 
the fundamentals discussed above. Their assignments have been included 
in Table 6.2 and will not be discussed in detail here. 
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TJffiLE 6.1 


The Fundamental Modes of Vibration of Triethylamine 
Molecule -under the Point GroT:^) Symmetries Cg, and 


Symmetry- 

species . 

C. C 

1 s 

^5 

No. 

Skeletal 

CHg vibrations 

CHg 

vibrations 

1 

2 

3 

4 . 

5 

6 


7 

a 

a^ 

a 




■GHg 

st.(asym. ) 

a 

a" 

a 




^^3 

st. (asym.) 

a 

a« 

a 

-^3 


GHg st.(sym.) 



a 

a’ 

a 




GHg 

st.(sym.) 

a 

a’ 

a 

^3 


CHg st.(sym.) 



a 

a^ 

a 



CHg def. 



a 

a^ 

a 




GHg def.(asym.) 

a 

a^* 

a 

y 



GHg 

def w( asym.) 

a 

a' 

a 




GHg 

def .(sym.) 

a 

a’ 

a 



CHg wag. 



a 

a” 

a 

y 

•^11 


GHg twist . 



a 

a’ 

a 




OHg 

fock. 

a 

a' 

a 

K. 

C-G St. 




a 

a" 

a 

4 



to 

O 

TOck. 

a 

aff 

a 

4 


CHg rock. 



a 

a* 

a 

^16 

0-N St. 





Contd 
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Table 6.1 (contd.) 





3 

4 

5 

6 '7 

a 

a', a" 

e 

y 

37 

CON bend. 


a 

a‘,a" 

6 

00 

GKG bend. 


a 

aV,a” 

e 

^39 


GHg .t.ors . 

a 

a»,a» 

0 

Ho 

N-C-G tors. 



Abbreviations : syn. = syinmetric, as3rm. = asymmetric, st. = stretching, 


def. = deformation, wag. = wagging, tid-st. = twisting, 
rock. = rocking, bend. = bending, tors. = torsion. 

• The numbering of vibrations has been done according 
to symmetry. 
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TABLE 6.2 

Infrared and Raman Spectra of Trietlylamine 





Infrared 




Raman 


Vapotir 

Liquid 

Solid 


Liquid 

Assignment* 

cm""' 

L 

Int. 

cm"^ 

Int. 

-1 

cm 

Int 

„ -1 

. cm 

Int. 

Depol. 

! i 


2 

3 

4 

5 

6 

7 

8 

9 

10 








200 

V¥ 

P 

^16“ ^37 




294 

ww 

300 

¥ 

290 

V¥ 

P 

CNG bend. (l) , >^g 








340 

¥ 

P 

>^54- ^16 




414 

sh 

420 

¥ 





435 


W 

438 

V 

435 

¥ 

459 

S 

P 

GNG bend.f2), 

481 


W 

485 

w 

480 

m 

4 70 

m 

P 

CON bend. (l) , 

534 


W 

534 

w 

531 

m 

535 

¥ 

P 

CON bend. (2) , 

757' 

[ ■■ 


7^) 

1 

m 

737) 

I, 

m 

755 

s 

P 

G-K st.(l) , >^g 

'?47 

. G 

m 

> 

746 J 

m 

744] 

m 




G-K st. (isomer) 

--755 

/' 
















771 

¥ 




-^gCF.R.) 

1 

'^785 


sh 

784 

w 

781 

¥ 




CHg rock.(l) , >^g 

798 








/•" 



802 

^ A 

V 

802 

w 

799 

¥ 

810 


dp? 

GHg rocfc.(2) , 

810 

; 









i ¥ 






816 

¥ 




1 i 

905 


sh 

903 

¥ 

900 

¥ 

898 

m 

dp 

V 4 

920 


w 

920 

¥ 

916 

¥ 

922 


dp 

CHg 3?*ock*(3)j ^4^ 


Contd. 
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Tab.le 6.2 (contd«) 



loss sh 


1071 


1079^ C 
1096 


-^1106 

1142") 

[ B 
1152j 

1213 


1298j 

isogj 

1348 

-1357 


f 


1271 

1296 

s 

1311 

1336 
sh 1347 
sh 1557 
'^1368 


1043 w 
1053 w 


Ke 

K, 


2x 


37 



s 

1068 

s 

1065 s 

P 

s 

1083 

s 

1082 ms 

dp? 

sh 

1094 

m 



sh 

1105 

■w 



m 

1143 ' 

\ ^ 



sh 

i 

1150 j 

i 

m 

1141 w 

dp? 

s 

1202 


1205 w 

dp 

sh 

1213 

4 


"-■V 

sh 

1268 

w 



s 

1291 

s 



sh 

1308 

sh 

1295 w, 

dp 

sh 

1329 

yt 



w 

1340 

V 



w 

1356 

m 



sh 

1370 

sh 




01^ rock.Cl),y^g 

C-Gst.(2),/ 

15 18 

y+y 

18 ^36 

CHg roGk.(2),>^g 

CHg rock, (isomer) 

O-B st.(2). 

tigist.Cs) y J 
IV 

GH_ wag.(3), y .y„. 


y +y 

36^ 37 

^ y q"^ y « 
, 18 "^16 

y + y 

^14^/^38 

2x y + y 

37^ ^18 


Oontd 
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Table 6*2 (oontd.) 


1 

2 

5 

4 

6 

6 

7 

8 

9 

10 

ISTO" 










1585 - 

1591 

J 

• 0 s 

1584 

s 

1380 

s 

1377 

vw 

P? 

OHg sym.def. (5), 

^9' Kd 

1456 

m 

1451 

m 

1445 

s 




GHg def.(l),yg 

1470 

1479 

' m 

sh 

1468 

1477 

m 

sh 

1468 

-1472 

s 

sh 

1466 

vs 

dp 

0H„ asyia.def ,(6) , 

y y y y 

^7» ^8» *^27 

GHg def.(2) , y^g 

1662 

w 

1650 

vyf 

1650 

TW 




y + y 

^14^ ^16 

1817 

vw 

1812 

vw 






y + y 

^34 'l6 

1954 

w 

1947 

w 






y + y 

^32 ^ 16 

2292 

w 

2272 

vw 






2x 

2587 

w 

2584 

w 






y + y 

10 ^12 

2452 

vw 

2425 

w 






^^^32 

2581 

w 

2573 

vw 

2570 

TW^ 




y + y 

9 ■^32 

2617 

sh 

2613 

sh 

2610 

W 




y + y 

28 '33 

2658 

2685 

sh 

sh 

2643 

2677 

sh 

sh 

2640 

-2665 

W 

W 




y+ y 

6; 32 

y+y 

32^ /^7 

-'2720 

sh 

'-'2710 

sh 

-2710 

sh 




2x )2^+ 

2751 

m 

2723 

m 

2723 

m 

2718 

•W 

P 

y+ y 

f'lO 

2758 

% 

sh 

2757 

sh 

2753 

m 

2760 

vw 

P 

. y+ y 

7^ 10 

2806 

,? 3 

2799 

s 

2794 

•vs 

2805 

m 

P 

GH„ sym,st.(3) , 

2816 









^ 5> ^25 


contd 
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Table 6.2 (contd.) 


1 ' 


2 

3 4 

5 

6 7 

8 

9 

10 

2887 


s 

2875 ^ s 

2873 

s 2876 

m 

P 

OHg sym.st.(3) , 









'^4 * ^^24 




2895 s 

2895 

m 2900 

m 

P 

)/+ Xj, (F.R.) 

2946 


s 

2956 s 

29 35 

s 2937 

s 

P 

GHg asym.st.(3), 

^3' ^23 . 

2975" 









2982 ^ 

y 


V6 

2973 vs 

2969 

vs 2965 

m 

dp 

GH„ asym.st.(6), 

y y / 

>^l» ^2» '^21» ^^22 

Abbreviations 

; s = strong, 

. Bl = 

medium, w = 

weak. 

YS = 

very strong. 




vw = very 

weak 5 

, ww = very 

very 

weak^ 

sh = shoulder, 


p = polarized, dp = depolarized, st. = stretching, 
bend.= bending, def. = deformation, vrag. = wagging, 
twist. = txd-Sting, rock. = rocking, sym. = symmetric, 
asym. = asymmetric, F.R. = Fermi Resonance. 

^ For convenience the numbering of vibrations has been done according to 
Cg symmetry. The nimbers in the parenthesis denote the number of modes 
of vibration. 
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TABLE 6.3 

Raman i^eotrum of Triethylamine 


■ Chaudfauri 
cm~^ 

.^kin and 
Wolkeinstein 

cm 

Dadien and 
Kohirauseh 

cm”^ 

Present Resxilts 

Int. 

1 2 

3 

4 

5 

6 

7 


170 (0) 


~200 

vy 

p 


279 (0) 






302 (i) 


290 

vy 

p 


335 (lb) 


340 

y 

p 

435 (2) .5 

435 (4b) 

433 ( 2) 

439 

s 

p 


479 (2b) 


470 

m 

p 


534 (lb) 


535 

y 

p 

- 

602 (l) 





736 (4) .3 

739 (6b) 

.739 (4) 

735 


p 


809 (lb) 

812 (Ibr) 

810 

w 

dp? 


902 (4b) 


898 

m 

dp 

915 (4br) .9 

915 (3b) 

916 (3br) 

922 

m 

dp 

997 (l) .68 

948 (3) 

1000 (l) 

997 

m 

•P 


1020 (2) 


1018 

m 

P , 

1069 (6) .9 

1065 (5b) 

1070 (2) 

1065 

S; 

p: 


1084 ( 2) ^^^^ ^ ^ ^ ^ ^ ^ ^ 


1082 

ms 

dp? 


1138(2) 

1148 (i) 

1141 

w 

dp? 


1202 (2b) 


1205 

w 

dp 


contd. 
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Table 6*3 (contd.) 


i 


il, - 

2 

3 

4 



6 


1286 (l) 

.72 

1291 (3b) 

1288 (2) 

1295 





1378 (2) 


1377 

W 

p? 

1433 (8) 

,86 

1452 (I2b) 

1452 (Tbr) 

1466 

vs 

dp 





2718 

vw 

P 





2760 

vw 

P 



2795 (8b) 

2795 (4br) 

2805 

•wi 

P 

2874 (4) 

.4 

2873 (8) 

2874 (4br) 

2876 

m 

P 





^ 2900 

m 

P 

2932 (8br) 

.3 

293l(l5b) 

2932 (lObr) 

2937 

3 

P 

2966 (4) 

.8 

2967 (I2b) 

2966 (lObr) 

2965 

m 

dp 


Abbreviations s p and dp mean polarized and depolarized respectively. 

b or br indicate broad. The nximbers in i2ie bracket 
indicate intensity, m = medium, s = strong, w = weak, 
vw = very weak, ms = medium strong. 
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TiBLE 6.4 

Molecular Parameters ’ 




GGG 

TGG 

TGG' 


(amu-^^ ) 

192.04 

163.68 

123.38 

Ib 

(amu-2.^) 

192.04 

219.17 

253.45 


(amu-i^) 

360.92 

321,23 

317.31 

A 

(cm”^) 

.0877 

.1096 

.1032 

B 


.0877 

.0768 

.0664 

G 


.0466 

.0524 

.0631 




3CX) 4 0 0 500 600 700 800 900 lOOO IlOO 1200 


FREQUENCY ( CM 




2272 









L55 



1954 





1^02 





169 









%hm 











